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 CALCULATION OF THE PRESSURE DISTRIBUTION ON
 
A PITCHING AIRFOIL WITH APPLICATION TO THE DARRIEUS ROTOR'
 
Chapter I
 
Introduction
 
In view of rising energy prices, wind power has been the sub­
ject of many studies (see for example [17] and [12]).  Engineering
 
design aspects of wind power machines as well as their economical
 
feasibility have to be thoroughly investigated.  To this end, im­
proved power output through improvement of aerodynamic perforthance
 
offers some potential benefit.  The work presented herein concen­
trates on the aerodynamics of one of several wind power machines
2
 
under study, namely the Darrieus Rotor.
 
I.1  Darrieus Rotor
 
As illustrated in Fig. (I.1), the Darrieus Rotor is a cross-

wind-axis device in which the power shafts are mounted perpendi­
cular to the wind stream.  Figure (I.2) illustrates how lift forces
 
on the blades act in a direction ahead of the blades, as all air­
foils  (blade sections) produce lift perpendicular to the airflow
 
approaching the airfoil's leading edge.  As the blade moves along
 
its path, it is actually moving at a speed several times faster
 
1.	  Named after the French Engineer George J. Darrieus.  He filed
 
a United States patent for his vertical axis rotor in 1926.
 
2.	  For a discussion of the aerodynamics of wind power machines,
 
see [33].
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Fig. 1.1  The Darrieus Rotor Located in
 
Newport, Oregon
 3 
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Fig. 1.2  Darrieus Rotor Aerodynamics
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than the wind speed.  Thus, even when the airfoil appears to be
 
moving downwind,  it  is  not.  Lift  is produced over almost the
 
entire circular path.
 
Defining the ratio of the local blade speed to the wind speed
 
as Tip-Speed Ratio (TSR), Fig. (I.2) suggests:
 
The lift force is directed ahead, along the direction of
 
blade motion, and thrust is developed.
 
A high TSR is the key to successful operation of  the
 
Darrieus  Rotor.  At  a low TSR the blade speed vector 
becomes  shorter  than  the  length  of  the  wind  speed 
vector.  This is obviously an undesirable situation since 
the angle of attack between the relative wind and the
 
airfoil motion would become large, and stall can occur.
 
o	  At the end of the curved blades, due to small TSR, stall
 
is likely to occur.  It is apparent that almost the en­
tire lift is produced near the equatorial positions of
 
the blades.
 
Thus far, it is apparent that an optimum aerodynamic design is
 
one  which produces  maximum  lift,  minimum drag,  and eliminates
 
stall!  All three of these criteria (though outside the scope of
 
the present work) may be analyzed from a knowledge of the velocity
 
and pressure distribution on the blades of the Darrieus Rotor.
 
The main intent of this thesis was to develop a model predict­
ing the pressure distribution on the blades of the Darrieus Rotor.
 
The blade cross section (airfoil) was assumed to undergo quasi-

steady oscillations in a perfect fluid.
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Chapter II
 
Model Description
 
The objective of Chapter II is to review the available litera­
ture which may apply to the Darrieus Rotor aerodynamics.  Based on
 
this review, decisions regarding the method of analysis are made.
 
II.1  Review of Literature
 
The variety of flow conditions experienced by the blades of
 
the Darrieus Rotor during each rotor revolution, requires that a
 
nonsteady aerodynamic analysis be utilized.
 
The theory  of  two-dimensional nonsteady fluid motion about
 
airfoils has been studied for many years.  Most of these studies
 
have been triggered by the destructive consequences of the dynamic
 
aeroelastic instability (flutter) experienced by the wings of air­
craft.
 
Earlier work started during the 1920's.  The theory of tran­
sient motion of flat plates was developed by Wagner [32], Glauert
 
[11],  and in 1936 by KUssner  [18,19].  In 1934 Theodorson  [28]
 
presented  the  potential  flow theory  for  thin plates executing
 
small-amplitude, simple harmonic motions.  His derivations account­
ed for a maximum of three independent degrees of freedom as a re­
sult of the airfoil-aileron combination.  Later in 1938, von Karman
 
and Sears [31] analyzed the wake vortices.  The wake vortices using
 
this approach were assumed to move downstream in a single plane at
 
a velocity equal  to  that  of  the undisturbed fluid.  Lift and
 
moments on the oscillating airfoils were then readily calculated.
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During the  1950's and  1960's, analytical methods which in­
cluded the effect of the airfoil thickness by making use of a cir­
cle-airfoil transformation were presented by Woods [35], Ktlssner
 
and von Group [20], Hewson-Browne [15], Van de Vooren and Van de
 
Vel [30].  Though all four of these works accounted for the airfoil
 
thickness,  for  practical  calculations using  these methods,  the
 
circle-airfoil transformation must not only be known, but should be
 
simple.  Furthermore, any nonlinearities due to the airfoil motion
 
were neglected.
 
In  1968,  Chen and Wirtz  [7]  used second-order velocity and
 
pressure expressions  to account  for the perturbation in either
 
plunging or pitching modes.  Acceleration potentials were then used
 
to seek second-order corrections to the first-order and linearized
 
results.  This method as well as the previous four assumed a simple
 
analytical circle-airfoil conformal mapping.
 
The evolution of digital computers prompted the use of numeri­
al  techniques  to  solve Laplace's equation as  applicable to the
 
potential flow problems.  The method developed by Smith and Pierce
 
[25], and Hess and Smith [14] approximated the surface of the body
 
by an arbitrary number of panels and sources.  The density distri­
bution of the sources were then computed by solving the subsequent
 
Fredholm integral equations of the second kind.  The work of Hess
 
and Smith [14] was further extended by Giesing [8], and Turton and
 
Peel  [29]  for two-dimensional airfoils.  Giesing's  [8] work ana­
lyzed the nonlinear effects due to airfoil thickness, amplitude of
 
motion, frequency of oscillation, and gust magnitude.  Turton and
 7 
Peel [29] computed lift, circulation, and pressure distribution of
 
an airfoil oscillating in pitching motion in a perfect fluid.
 
11.2  General Approach
 
Due to the linearity of the Laplace's equation, a complete
 
solution can be obtained by superimposing the solutions of:  a) the
 
quasi-steady problem, b) the unsteady problem due to the wake vor­
tices.
 
11.2.1  The Quasi-Steady Problem
 
The problem of moving arbitrary cylinders in a perfect fluid
 
at rest at infinity was discussed extensively by Milne-Thomson
 
[22].  His method, which was adopted in this thesis, used the solid
 
wall boundary condition of the cylinder to establish the stream
 
function at the boundary (Boundary Function).  The Boundary Func­
tion was then used to determine the proper velocity potential ex­
pression.  This method seems to have considerable merit in analy­
zing quasi-steady problems, particularly since the solution will be
 
completely analytical if an analytical relationship, conforming a
 
unit circle to the airfoil is known.
 
Although the circle-airfoil conformal mapping is known for
 
some airfoils such as Joukowski airfoils, a general circle-airfoil
 
transformation may not be expressed in a finite number of terms.
 
Thus, numerical techniques such as the one developed by Theodorson
 
[26,27]  had  to  be  used  to  accomplish  the  conformal  mapping.
 
Furthermore, the Boundary Function method had to be modified ac­
cordingly to account for the numerical treatment of the mapping as
 
shown in Chapter III.
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11.2.2  The Unsteady Wake Contribution
 
The role  of  the high frequency, oscillatory motion of  the
 
wings of aircrafts has proven to be vital importance in establish­
ing the aerodynamic and aeroelastic design criteria.  This has
 
prompted a careful nonsteady analysis of the phenomenon of flutter
 
as noted in Section II.1.  Experimental and analytical results
 
at

indicate that  the term at in Bernoulli's pressure equation  (Eq.
 
II.1) written with respect to the noninertial reference frame
 
at	 p 1  pm
 =
 +  + -2- V  + u v
 
is by no means negligible at high frequencies.  However, the effect
 
of -
a t  low frequencies may be slight for relatively small angular
 aat
 t
 
velocities as applicable to Darrieus Rotor Blade.  The nondimen­
sional frequency T-7- for the wings of aircrafts is usually several
 
times larger than that of Darrieus Rotor'.
 
The results of Turton and Peel [29], though at larger angular
 
velocities than the present work, clearly indicated that the con-

ad,
 tribution of --- is small at low angular velocities and much more
 
pronounced at higher ones.  Furthermore, the free vortex analysis
 
of the Darrieus Rotor Blade in nonsteady motion by Wilson et. al.
 
tribution  i

[34] confirms that the loads on an unstalled blade may be adequate­
1.	  During the 1930's the value of Slc/W for the fighter planes was
 
about  five  at  the  three-quarter  semichord  station of  the
 
wing.  By the 1960's this value was lowered to about 0.7 using
 
improved materials [5].  Cc /W is usually less than 0.2 for the
 
Darrieus Rotor.
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ly approximated by the Kutta-Joukowski forces.  This would mean
 
that the effect of 
34) Ton the pressure is negligible and the problem
 
-a'
 
may be sufficiently modeled as one of quasi-steady nature.  There­
fore, assuming
 
(11.2)
 
the effect of potential vortices shed at the trailing edge of the
 
airfoil are neglected and Eq. (11.1) is modified to the form:
 
+  V2 +  =  (I1.3)
 
p 2
 
The knowledge of the velocity field from the quasi-steady analysis
 
can thus be used to evaluate the pressure.
 
11.3  Adopted Model
 
Based on the discussion of Section 11.2, in order to evaluate
 
the pressure distribution on the Darrieus Rotor Blade, the proceed­
ing steps are followed:
 
1)  The airfoil is transformed onto a pseudo-circle by making
 
use of the Karman-Trefftz transformation [13].
 
2)  The pseudo-circle is mapped onto a unit radius circle
 
using Theodorson's method [26,27].
 
3)  The Boundary Function for the airfoil is obtained [22].
 
4)  Poisson integral equations are applied to the Boundary
 
Function, and the velocity potential is obtained.
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5)  Knowledge of the velocity potential consequently leads to
 
velocity and pressure on the pitching and translating
 
airfoil.
 11 
Chapter III
 
Analytical Development
 
This chapter is devoted entirely to the development of a math­
ematical/numerical model predicting the pressure distribution on
 
the Darrieus Rotor Blade using the quasi-steady approach discussed
 
in Chapter II.  Starting with the governing equations pertinent to
 
the general motion of an airfoil in an unbounded fluid, the airfoil
 
is transformed to a unit circle using a multi-step conformal map­
ping process.  The Boundary Function (stream function at the bound­
ary) is then used to obtain the velocity potential.  The knowledge
 
of velocity potential will consequently lead to the velocity and
 
pressure distribution on the pitching and translating airfoil.
 
III.1  Governing Equations
 
Figure  (I.2)  suggests  that  it  is  possible  to  model  the
 
Darrieus Rotor Blade as a pitching airfoil subject to the relative
 
wind W as shown in Fig. (III.1a), where the airfoil is fixed in the
 
c-plane.  The mathematical modeling can be further simplified by
 
assuming that  the airfoil  is moving with a velocity W,  in the
 
direction opposite to the free stream, in the undisturbed fluid as
 
shown in Fig. (III.1b).
 
Since the potential flow model is adopted for the analysis,
 
the governing equations of motion and pressure are the Laplace and
 
Bernoulli equations, respectively.  They are
 
2
 
V  = 0
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w
 
Fig. III.la  Pitching Airfoil Subject to Relative Wind
 
Fig. III.lb  Pitching and Translating Airfoil
 
The airfoil is assumed to be pitching with angular velocity Q
 
about point C (the center of "rotation").  It is also translating
 
with the velocity W at the angle of attack a in the undisturbed
 
fluid.
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PC, 
p  1 2
 
V =
 
at p 2  p
 
where
 
and Bernoulli's equation is written with respect to an inertial
 
coordinate  system.  The  associated boundary conditions  for the
 
velocity potential are
 
= U

airfoil  n
 
boundary
 
lim h(c)  0
 
In addition to the above boundary conditions, the Kutta condition
 
has to be constantly maintained, since the motion of the airfoil is
 
assumed to be quasi-steady.  This condition is explored in detail
 
in Section 111.4.1.
 
111.2  Conformal Transformations
 
Although it  is  theoretically possible to directly transform
 
any simply connected region to a unit circle,  it may require a
 
great deal of computer time.  The task however, is achieved more
 
efficiently  by  using an intermediate  step  such  as  the Karman-

Trefftz transformation to  first map the airfoil onto  a pseudo-

circle.  The  pseudo-circle is then transformed to a unit circle
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using Theodorson's [26,271 method.'  The mapping sequence and its
 
order is shown in Fig. (III.2).
 
111.2.1	  Karman-Trefftz Transformation
 
The Karman-Trefftz transformation [131
 
C	  co)  z'  z' 
0)(2  T/N) 
(z'  - z'  /
 C I
 
1
 
7.
 can be used to transform a body with a corner of included angle
 
(wedge angle) in the c-plane (airfoil) to a smooth body in the z'­
plane (pseudo-circle).  In Eq. (III.6), co and z6 are the corner
 
point (trailing edge) and its image respectively, and ci and zi
 
are a singular point inside the body and its image in the z'-plane,
 
respectively.  In the present application,
2  ci is assumed to be the
 
point halfway between the point of maximum curvature at the leading
 
edge and its center of curvature.  In a coordinate system which has
 
been translated to make co = 0, the boundary condition at infinity
 
(dc/dz' = 1) requires that
 
c,z'  m
 
zi	  sci 
1.	  Theodorson used  the Joukowski  transformation instead of
 
the Karman-Trefftz transformation used here.  The Karman-

Trefftz transformation generates  a more nearly circular
 
contour  since  it  accounts  for  the  trailing edge  wedge
 
angle.
 
2.	  For a flat plate, the singularity (co) must be placed at
 
the leading edge.
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-------2. INTEGRAL EQUATIONS
----3. LINEAR INTERPOLATION 
UNIT 
CHORD 
AIRFOIL 
PSEUDO-CIRCLE
 
z'
 
UNIT 
CIRCLE 
z 
Fig. 111.2  Mapping Sequence and Order
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where
 
1
 
2  Thr
 
Thus
 
z'  (III.9)
 
(C  C
  1)8
 
1
 
C )
 
2
 
dc  r  1)(-13)
 - C  (III.10)

dz' 2  )
 
Equations (III.9)  and (III.10) are obviously analytical.  There­
fore, if the coordinates of a certain airfoil are known, it can be
 
readily transformed to a pseudo-circle.  This is accomplished by
 
treating a selected number of nodes along the airfoil surface with
 
Eqs.  (III.9)  and  (III.10).  The contour obtained is  a discrete
 
pseudo-circle.
 
The pseudo-circles generated by applying the Karman-Trefftz
 
transformation to airfoils NACA 0015 and NACA 2412 are shown in
 
Figs. (III.3) and (III.4), respectively.  The nearly circular shape
 
of these contours make their mapping to a unit circle very effi­
cient.
 
111.2.2	  Pseudo-Circle to Unit Circle Transformation
 
The mapping of the pseudo-circle onto the unit circle is ob­
tained by combining the following
 
a)  Pseudo-circle onto a circle of radius R as explained
 
by Theodorson [26,27]
 AIRFOIL AND PSEUDO-CIRCLE 
CIRCLE OF RADIUS R 
Fig.  111.3  Mapping of the NACA 0015 to a Pseudo-Circle Using
 
the Karman-Trefftz Transformation
 AIRFOIL AND PSEUDO-CIRCLE 
CIRCLE OF RADIUS R 
NACA 2412 
1070c 
Fig. 111.4  Mapping of the NACA 2412 to a Pseudo-Circle Using the
 
Karman-Trefftz Transformation
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b)  Circle of radius R to a unit circle which is ob­
viously a mere normalization
 
Introducing polar coordinates to define the pseudo-circle and
 
the unit circle planes
 
z' = r' ei0  (III.11)
 
where  r'  is measured from the point halfway between the leading
 
edge and the trailing edge of the pseudo-circle along the real
 
axis, and
 
z = r elf  (111.12)
 
both steps (a) and (b) are performed in a single step by defining a
 
mapping function F1(z) [3] such that
 
F  (z) = kn (z'(z)) (111.13)
 
1  Rz
 
Thus
 
F1(r4) = kn  + i(e  (p)  (111.14)
 
Noting that
 
Fl(r,(1)  0  (III.15) 
r  co 20 
on the boundary of the unit circle where r = 1, Eq. (III.14) and
 
(A-11) of Appendix A (Poisson integral equation) provide two inde­
pendent relationships for the imaginary part of F1(14).  Equating
 
these imaginary parts produces
 
27  r' 
0  =  f  kn (-21) cot ((I)  v)dv  (III.16) 
2Tr  2
 
0
 
Furthermore, from Eq. (A -8)
 
2Tr  r'
 
f  kn (-21)dv = 0  (III.17)

27
 
0
 
Thus
 
27
 
r1  r
 R = exp tr- r'  dv}  (111.18)
 j
 
7  p c
 
0
 
Starting with Eq. (III.13) it can be shown that
 
j
 d(kn
 
Rr
 
1
 
dz'  z'  de
 
(111.19)

dz  z
 
de
 
and on the boundary
 
r'
 
d(kn  Pc)
 
1 - i
 
dz'l  de
 
,  i(0  4))
 r  e (III.20)
 
dz !boundary  pc  it.
 
de
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Unlike the Karman-Trefftz transformation, the mapping of the
 
pseudo-circle onto the unit circle can not be achieved analytical­
ly.  Equation (III.16) has to be numerically iterated in order to
 
obtain the values of  (f)  corresponding to different nodes around the
 
pseudo-circle.  It is significantly easier to start with an arbi­
trary number of equally spaced points around the unit circle and
 
find their images on the pseudo-circle.  These images are not gen­
erally the same input defining points obtained from the transforma­
tion of the airfoil nodes to the pseudo-circle.  However, as shown
 
in Fig. (111.2), they can be used to find the image of the airfoil
 
nodes on the unit circle by means of numerical interpolation.
 
Proceeding with Eq. (111.16), it is obvious that the value of
 
is independent of R.  In fact, the expansion of the logarithmic
 
term will produce
 
(0
 
27
 
=  (I)  .727  j  to r'  cot(L:122-)dv  (111.21)
 
pc  2
 
0
 
where
 
r'  (v) = r'  (v(0))  (111.22)
 
pc  pc
 
The integrand of integral Eq. (III.21) is singular at (0  = v so
 
the principle value must be determined.  The solution is obtained
 
numerically by iteration and the unit circle is divided into M
 
equal arcs.  Then the value of 0 for the kth arc and  .th iteration
 
is [3]
 211.
  i-1
 
ni  in r'  cot( 1(
 4))dv

-k  Pk  27 0J  pc
 
(1)1.-1  (I)k+1
 
ni 
1 j
 
ARG dv +  J  ARG dv
 
J
 71-"T
 `jk  Pk
 
0  (I)k-1
 
27
 
J  ARG dv}  (111.24)
 
4)1(44
 
where
 
i-1
 
(I)k  v
 
ARG = in rpc  cot(
 
The middle integral term of Eq. (111.24) contains the singularity
 
and is approximated using a Taylor series [24]
 
i-1  i-1  i-1
 
in rpc (v) = in r'  (4k) + (v  in r'  (0) +

p c  k  aT  pc 
k
 
(111.25)
 
the integral of the first, third, fifth, and ... are zero, thus
 
(1)k+1  i-1
 
r(1)1(  v,
in r'  cot(  )dv
 
pc  2
 
(1)k -1 
(1)1(+1  i-1
 
Nfd  (1)k  v
 
J  (v - cpkA.--(qT in r;c (4)))k cot(  )dv  (111.26)
 
4)k-1
 
i-1  i-1
 
= -2[(in rpc )k+1  (in rpcjk_i]  (111.27)
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The  remaining  parts  of  the  integral  are  approximated  as
 
follows
 
Sk-1  Sk+1
 
ARG dv +  J  ARG dv
 f 
0  Sk-1
 
)i-1  (  )i-1

M+1  (Rn r'  ).  + Om r'  ).
 ,
 pc j  pc J-1]  Sk- v)

cot(  dv  (111.28)
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Sk  Sj-1

M+1  sin(
 
=  [(.n r'  )i-1  + (2.n r'  )
i-1 
]  tn  (111.29)
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j*k
 
j*k+1
 
so that the nonlinear system of equations at the i th iteration is
 
M+1
 
n  1  HUI r'  )1.--1
 
'1(  Sk  27  pc j

2
 
j*k
 
j*k+1
 
sin(
(1)k
  Sj-1
 
)-1,
 i
  + (tn r'  ).  tn
 
pc j
  (Sk  Sj)

sinq
 
i-1
 
2[(tri ri'3c)k+1 - (tn r;c  ) _1]  (111.30)
 
The above calculation is  started by assuming Ok = (1)k  .  For the
 
second iteration, the value of (tnrpc )1 is evaluated by interpolat­
ing between 0 and those obtained from the Karman-Trefftz transfor­
k
 
2

mation, after which 0 is computed.  The process is continued until
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0k will have satisifed the convergence criterion, i.e.
 
< convergence criterion	  (III.31)
 
After 0k has converged, the value of R in Eq. (III.18) can be
 
approximated by
 
lM (

R = exp 
r 
r'  )1	  (111.32)
 
pc
 
1
 
z'
 The value of d	  in Eq. (III.20) can be approximated
 77-,­
boundary
 
)  1  iA,

dz'
 
= (r'  )  ei(C)k- 4)k)  (  i`)	  (111.33)
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where using the Lagrange three point difference formula [6]
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Linear interpolation is used again to  obtain  the  values  of
 
and  4)  corresponding  to  the  0  obtained  from  the
 
dz  boundary
 
Karman-Trefftz transformation.  Thus, for every point on the air­
foil, there exists an angle on the unit circle which signifies the
 
image of the point on the unit circle.  Furthermore, the complete
 
magnification factor for the transformation is obtained from
 
Idc  I dc  I dz'
 I  (111.38)
 
dz  dz'  dz
 
dc  dz
 
where  and 
'  are obtained from Eqs. (111.10) and (111.33),

dz '  dz
 
respectively.  Figure (II1.5)  compares  R(ci-i  Rd for NACA
 
1 and
 
2412.  The figure and results are identical to the one presented by
 
Halsey [13].
 
111.3  Complex Potential
 
The complex potential at the boundary of an airfoil is given
 
by the general relationship
 
w =  (1)  + i T  -
ir
kn z  (111.39)
 
o  0 2n
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Fig. 111.5  Magnification Factor (Mapping Derivative) for the
 
NACA 2412 along the Perimeter
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where  r  is positive in a counterclockwise direction.  Recalling
 
that z = ei4 on the unit circle, Eq. (111.39) is simplified to
 
w = (0 +  + i T  (III.40)

0  21T  o
 
where
 
(III.41)
 o  271 boundary
 
The knowledge  of  (Do,  r  and To is obviously needed in order to
 
establish w.
 
111.3.1  Boundary Function (To)
 
As shown in Fig. (III.6), the velocity of an arbitrary point
 
along the airfoil surface is
 
W cosa  sln) + i(  W sine +  (111.42)
 
The normal component of this velocity is
 
U  =  (W cosa + E271)  cosy + (- W sina + c) siny  (111.43)

n
 
In order to satisfy the boundary condition of Eq. (III.4), it
 
is necessary that
 
aY'0
 
U  (111.44)

n  as
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Fig. 111.6  Normal Velocity Component of the Airfoil and Fluid
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Consequently it can be shown that [22]
 
To =  sins  n cosa)W - IcI2	  (111.45)
 
where E,  ri and  refer to the airfoil only.  Thus, for given coor­
dinates on the airfoil, the local value of the Boundary Function is
 
known.
 
111.3.2	  Velocity Potential at the Boundary Before Adding
 
Circulation (00)
 
Defining
 
F2(z) = 00(c(z)) + i T(C(z))	  (111.46)
 
the Poisson integral equation can be used again.  Based on Eq.
 
(A-10) of Appendix A.
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0  f  ---7-1-)dy  (111.47)

0  2n  TO 0  2
 
0
 
Thus, the numerical procedure developed previously can be used to
 
calculate the potential along the boundary (see Eq. (III.30)
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111.4  Velocity
 
The tangential component of the fluid velocity on the boundary
 
of the airfoil is
 
a(t.	  + -11)

0  27
 
a  unit circle
 as
 V	  (111.49)
 
t
 
dz  boundary
 
dc
 where r  is the circulation.	  i
 The value of . --eE is known, and from
 
Eqs. (III.3) and (III.40)
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(111.51)
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____	  (111.52)
 
34)	  2Tr
 
where V'  is the fluid velocity in the unit circle plane.
 
Both components of Eq. (111.52) will generate positive velo­
cities in the counterclockwise direction.  The solution for the
 
velocity will be completed if the value of circulation is known.
 
111.4.1	  Circulation and Kutta Condition
 
According to the Kutta condition, the relative fluid velocity
 
with respect to the airfoil, at the trailing edge is zero, making
 
the trailing edge a point of attachment.  Since the normal compo­
nents of fluid and airfoil velocity are equal everywhere on the
 
airfoil
 (v - u  )  = 0
 
t	 t
 
tailing
 
edge
 
where U  is the tangential airfoil velocity.

t
 
Due to the sharp trailing edge, the trailing edge is a singu­
larity and the condition of Eq. (111.53) can be met by requiring
 
that the relative velocities at the trailing-edge upper surface and
 
lower surface be equal in magnitude, but opposite in tangential
 
direction1[9,10].  Referring to Fig. (II1.6)
 
(vt  ut)p =  (vt  ut)Q	  (111.54)
 
where P and Q are very close to the trailing edge.  Thus
 
3c1, 
o r	  o r
 
4 
-r 
27	  34)
 
u	  U  (111.55)
idci t	  dci t
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IdzI
  Idz,
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and
 
aTo  aTo
 
r = 27(Ilidp +  Ilido) [(u  21TH  + (u  Id  )p]  (111.56)
 
t  Q t
  i
 
dzI
 
where
 
U  = (W cosa + OrOsiny + (- W sina + RO cosy	  (111.57)
 
t
 
1.	  In most cases this is equivalent to requiring that  the
 
flow stagnate at the trailing edge.  Exceptions are cusped
 
trailing edges.
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and is positive in a counterclockwise direction.  Furthermore,
 
(a400)  (4)0)k+1  (4)0)k-1
 
(111.58)

2A
 
where A (the increment of angle around the unit circle) is defined
 
as
 
(111.59)
 
Once the circulation is known, from Eq. (111.49) and (111.52),
 
the tangential velocity becomes
 
(I)
 
C 1
 
Lacp  )1(

(vt)k  (111.60)
 
Idz4(
 
While the normal velocity of the fluid is equal to the normal velo­
city of the airfoil
 
Vn = Un  (III.61)
 
and is known from Eq. (111.43).
 
111.5  Pressure and Forces
 
As indicated in section III.1,  the pressure is governed by
 
Bernoulli's equation.  In an inertial reference frame
 
@(1)  , p 1  P
 
-r  v =
 
at  p  2
 
The pressure equation with respect to the moving reference frame
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(airfoil) is obtained by substituting 
a  by & - M) [21],
 
thus
 
- 0 + 2- +  1- V2  =  (111.62)
,at  p 2
 
Oar
 
The first term is zero since the model is assumed quasi-steady.
 
Eq. (111.62) is easily simplified [22] and the coefficient of pres­
sure is obtained
 
P -P
 
C  (111.63)

1 2
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(111.64)
 
where
 
V  = Vt - Ut  (111.65)

Rel
 
The forces along the axes of the airfoil are calculated by
 
numerial integration  of  the  coefficient of pressure around the
 
airfoil as follows:
 
F  =  C  <I)  (111.66)
 
p c

airfoil
 
L+1  (Cp)i+1 + (c ) 
P 
11 ).  11  (111.67) {( c 
-
j=1 
2  j+1  (c)j] 
F  =  c,  (111.68)
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 .,, + (C )
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L/1  [(1)..4.1  (.1).3 ]
 2  c c
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The coefficients of lift and thrust are obtained by resolving the
 
above forces along and perpendicular to W (Fig. III.lb), the rela­
tive wind vector.
 
C  =  F  sina + F  cosa  (III.70)

k
 
C  = - F  cosa  F  sina  (III.71)
 
t
 
111.6  Closure
 
The model presented in this chapter is now complete.  This
 
chapter contains all the necessary information for calculation of
 
the pressure distribution on the Darrieus Rotor Blade.  The com­
puter code presented in Appendix B is constructed entirely using
 
the mathematical/numerical formulation of this chapter.
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Chapter IV
 
Results
 
The analytical model described in Chapter III for the calcula­
tion of the pressure distribution on the blades of a Darrieus Rotor
 
was coded in FORTRAN compatible with the CDC CYBER 75 computing
 
system.  The code listing as well as the necessary input format can
 
be found in Appendix B.  In this chapter, it is intended to  a)
 
verify the accuracy of the program, b) present the results of the
 
program for the airfoil NACA 0015,  c) consider an alternative ap­
proach based on the findings of part (b).
 
IV.1  Accuracy
 
The accuracy of the program is affected by three input para­
meters:  the number of airfoil nodes, the number of equally spaced
 
points around the unit circle, and the convergence criterion for
 
the numerical mapping.  The numerical values of these parameters
 
for the cases presented in this chapter are shown in Table (IV.1).
 
Table (IV.1)  Input Parameters 
Airfoil 
Number of 
Airfoil Nodes 
Number of Equally 
Spaced Points Around 
the Unit Circle 
Convergence 
Criterion 
NACA 0015  81  90  0.0001
 
M6  33  90  0.0001
 
22.3 Percent  80  120  0.0001
 
Thick Ellipse
 
The geometry of airfoils NACA 0015 and the 22.3 percent ellipse are
 
adequately approximated by about 80 nodes.  However, only 33 node
 
coordinates were found, for M6, in the available literature [27].
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As seen in the third column of Table (IV.1), the unit circle was
 
divided into 90 equal arcs for the airfoils NACA 0015 and M6 and
 
120 equal arcs for the 22.3 percent thick ellipse.  The number of
 
arcs, used for the ellipse case, proved necessary in order to ob­
tain good agreement with the analytical results'.
 
As  shown in  Figs.  (III.3)  and  (III.4),  the pseudo-circles
 
generated by applying the Karman-Trefftz transformation to airfoils
 
with wedge-shaped trailing edges are very nearly circular.  The
 
transformation from the pseudo-circles to their corresponding unit
 
circles for the airfoils NACA 0015, NACA 2412, and M6 requires only
 
four iterations.  For the 22.3 percent thick ellipse, 12 iterations
 
are necessary.  This  is  caused  by the lack of  a wedge-shaped
 
trailing edge in ellipses.
 
Figures  (IV.1),  (IV.2),  and  (IV.3)  show the coefficient of
 
pressure (C p)  for three different airfoils operating under three
 
different sets of boundary conditions.  In Figs. (IV.1) and (IV.2),
 
C  is plotted for the translatory motion of NACA 0015 at zero angle
 
of attack and M6 at a three degrees angle of attack.  Figure (IV.3)
 
shows the same parameter for a translating and pitching ellipse
 
(t/c = 0.223).  As indicated by these figures, the results obtained
 
from the program for all three cases are in good agreement with the
 
available literature results and the analytical solution.
 
1.	  The number of airfoil nodes and equally spaced points around
 
the unit circle are arbitrary.  They are only limited by the
 
storage capacity of CDC CYBER 75.
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IV.2	  Coefficients of Lift, Pressure, and Thrust
 
for the NACA 0015
 
The airfoil NACA 0015 is the cross section of the Darrieus
 
Rotor Blades used by the Sandia National Laboratories.  This sec­
tion is solely concerned with the results obtained for the trans­
lating and pitching NACA 0015.  The center of rotation is assumed
 
to be at 38 percent chord as measured from the leading edge of the
 
airfoil.
 
The coefficient of lift (Ct) and the nondimensional circula­
tion  for  various  angular  velocities,  are  shown  in  Fig.

Wc  '
 
(IV.4).  The coefficient of lift  is obtained by integrating Cp
 
around the airfoil.  Figure (IV.4) suggests that for a translating
 
and pitching airfoil, the value of circulation is strongly depend­
ent on the angular velocity as well as the angle of attack.  It
 
also indicates that
1
 
2r
  c  ­
We
 
It  is of considerable interest to analyze the effect of the
 
angular velocity when the angle of attack or the coefficient of
 
lift is kept unchanged.  On Fig. (IV.4), points (1), (2), and (3)
 
share the same angle of attack, though they have different angular
 
velocities.  Points (1), (4), (5), and (6) produce the same lift,
 
1.  Therefore, lift is
 
L = - prW
 
which is consistent with the Kutta-Joukowski theorem for the
 
translating airfoils [22].
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 42 
however, their angles of attack and angular velocities are differ­
ent.  Figures (IV.5) through (IV.9) show the coefficient of pres­
sure  (C p)  corresponding to points  (2)  through  (6).  All these
 
figures share the same scale as well as the C  curve for the non-

pitching airfoil operating under the condition of the base point
 
(1).
 
It should be noted that for symmetrical  airfoils (+ a, ±
 
- Oc  Q

is equivalent to (- a, +-T-4--J and the ±77c - runs for positive angles
 
of attack (Figs. IV.4 through IV.9) cover all possible conditions
 
encountered by the Darrieus Rotor Blade.
 
A close inspection of Figs. (IV.5) and (IV.6), whose angles of
 
attack are the same, indicates that although a larger lift is pro­
duced at negative angular velocities, the adverse pressure gradient
 
has also increased.  The greater adverse pressure gradient will
 
obviously increase the likelihood of the boundary layer separation
 
and transition.
 
As indicated earlier, Figs. (IV.7), (IV.8), and (IV.9) produce
 
the same lift.  Though there is not a substantial change in the
 
pressure distribution over the lower surface of the airfoil as the
 
angle of attack and the angular velocity are lowered, the adverse
 
pressure gradient drops significantly.
 
The coefficient of the thrust (Ct) is calculated by integrat­
ing the coefficient of pressure around the airfoil.  The result of
 
the program, for the cases presented in Fig. (IV.4), indicate that
 
the value of C  is generally very small.  In the absence of pitch,
 
t
 
there exists no thrust, thus the pressure forces on the airfoil
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along the direction of translation counter each other.  This is
 
consistent with the potential flow theory (or more generally, the
 
change of entropy is zero).  In the presence of pitch, if the angle
 
of attack and the angular velocity have the same signs, positive
 
thrust  (along the direction of W in Fig.  III.lb)  is developed,
 
otherwise, the coefficient of thrust would be negative.  Due to the
 
small values of C it is difficult to estimate the accuracy of the
 t'
 
numerical values obtained for this parameter, however the trends
 
seem to be consistent.  The only general statement that can be made
 
about the coefficient of thrust is the fact that it is consistently
 
less than one percent of the coefficient of lift, if the airfoil is
 
pitching.
 
IV.3  Alternative Approach
 
A careful analysis of Fig.  (IV.4) indicates that, regardless
 
of the angle of attack, the change in circulation due to a varia­
tion of the angular velocity is constant.  This change in circula­
tion is associated with the variation of the angular velocity only.
 
The phenomenon is consistent with the superposition principle, as
 
will be explained in Section IV.3.1.  One can also observe that
 
because of the linear nature of the coefficient of lift curves in
 
Fig. (IV.4), the lift coefficient may be formulated as a function
 
of the angle of attack and the angular velocity, as will be discus­
sed in Section IV.3.2.
 
IV.3.1  Superposition
 
Due to the linear nature of the Laplace's equation (Eq. III.1)
 
and the airfoil velocity, the absolute and relative fluid velocity
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as well as circulation can be considered to be composed of separate
 
and independent components.  The relative fluid velocity for a
 
translating and pitching airfoil can be obtained by superimposing
 
the relative velocities of
 
a)	  The pitching airfoil only (VRel(Q)), and
 
b)	  The translating airfoil at prescribed angle  of attack
 
only (VRel(a))T; furthermore, (VRel(a))T, for symmetrical
 
airfoils, can be obtained by superposition of [4]
 
1)  The distribution corresponding to the velocity dis­
tribution over the basic thickness form at zero angle
 
of attack, and
 
2)  The distribution corresponding to the additional load
 
distribution associated with angle of attack.
 
Thus in nondimensional form
 
(VRel(a))T  (VRel(()))T	  Ewa
 
(Cx(a))T  w	  (IV.2)
 
AV AV
 
a

where  (additional velocity) is tabulated for different airfoils
 
[1,2].  Combining (a) and (b)
 
(V	 (SO)  (VRel(0))T  AV
 VRel(a'Q)  Rel	  a
 =+	  * (Ct(a))T  w
 
(IV.3)
 
Equation (IV.3) can also be written as
 
(V	  (0)  (VRel(0))T  AV
 VRel(a'°  ;  Rel  P Qc	  a
 
(Ct(a))  w

Slc
 
(IV.4)
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Where the upper signs refer to the leeward side and the lower signs
 
correspond to the windward side of the airfoil.  In the above equa-

AV
 
a  (VRe1 (0) T )

tion,  the term  and  depend only on the airfoil

W
 
n  (V  (SO)

Rel  P
 
geometry.  The term  , depends upon the airfoil geometry

2c
 
as well as the location of the center of rotation, but is independ­
ent of the angular acceleration.  The nondimensional angular velo­
city  is obviously an input.
 
AV
 
a

The parameter  obtained from solving Eq. (IV.2) for var-

W '
 
ious nodes, is plotted for NACA 0015 in Fig. (IV.10).  It should be
 
AV
 
noted that 
a  for the windward and the leeward sides of the air­
foil are slightly different near the trailing edge.  Though most
 
AV
 
a
 
literature [1,2] present an average value for  better results
 W '
 
can be obtained by using the appropriate values of this  parameter.
 
Figures  (IV.11)  and  (IV.12)  show  the  relative  fluid velocity
 
(VRel(Q))P
 
[  due to the pitching motion of NACA 0015 about points
 
0.38c and 0.50c, respectively.
 
AV
 
(VRel(C)))T  (vRel(Q))P  a
 
The values of  , and  for differ-

Qc  W '
 
ent nodes of NACA 0015, are tabulated in Table (IV.2).
 
The only unknown term in Eq. (IV.4)  is (Ct(a))T.  It can be
 
expressed by
 
LT(a)
 
(C (a)) (IV.5)
 
t  T 1
 7 pW c 
and according to the Kutta-Joukowski theorem [22] ,  the lift for a
 
translating airfoil can be expressed by
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The positive fluid velocity indicates the counterclockwise
 
motion of the fluid.
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The positive fluid velocity indicates the counterclockwise
 
motion of the fluid.
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Table (IV.2)  Aerodynamic Characteristics of NACA 0015
 
Airfoil Coordinates in  Translation  Pitch  Additional Velocity
 
(Vael(0))T  (V,Iel(Q))p
  AVa
 Percent Chord
 
& n  38% Chord  50% Chord  Windward  Leeward 
0.  0.  0.  1.241  - 0.101  1.581  1.581
 
0.1  * 0.695  0.373  1.206  - 0.089  1.522  1.528
 
0.2  * 0.977  0.510  1.176  - 0.076  1.469  1.477
 
0.3  t 1.191  0.606  1.148  - 0.064  1.423  1.431
 
0.4  * 1.370  0.679  1.122  - 0.055  1.380
  1.390
 
0.5  * 1.527  0.737  1.099  - 0.044  1.340  1.351
 
0.6  * 1.667  0.785  1.077  - 0.034  1.303  1.314
 
0.7  * 1.796  0.825  1.057  - 0.025  1.268  1.280
 
0.8  * 1.914  0.860  1.038  - 0.017  1.236  1.249
 
0.9  * 2.025  0.890  1.020  - 0.010  1.206
  1.219
 
1.  * 2.130  0.916  1.004  - 0.002  1.178  1.191
 
1.5  * 2.580  1.010  0.032  1.073
 0.937  1.059
 
2.  * 2.950  1.067  0.887  0.059  0.967  0.983
 
2.5  * 3.268
  1.106  0.848  0.082  0.894  0.910
 
3.  * 3.550  1.133  0.818  0.103  0.834
  0.851
 
3.5  * 3.804  1.153  0.793  0.784
 0.121  0.801
 
4.  * 4.035  1.169  0.773  0.137  0.741
  0.758
 
4.5  * 4.247  1.181  0.758  0.153  0.704  0.721
 
5.  * 4.443  1.192  0.744  0.166  0.671
  0.689
 
10.  * 5.853  1.230  0.679  0.268  0.475  0.493
 
15.  * 6.681  1.232  0.662  0.335  0.376  0.394
 
20.  * 7.172  1.223  0.656  0.384  0.312  0.330
 
25.  * 7.427
  1.211  0.653  0.420  0.266  0.284
 
30.  * 7.502  1.196  0.649  0.446  0.231
  0.248
 
35.  * 7.436  1.180  0.644  0.465  0.202  0.220
 
40.  * 7.254  1.164  0.636  0.478  0.178  0.195
 
45.  * 6.976  1.148  0.625  0.485  0.158  0.175
 
50.  * 6.618
  1.132  0.611  0.486  0.140  0.156
 
55.  * 6.191  1.115  0.593  0.482  0.124  0.140
 
60.  * 5.704  1.100  0.572  0.474  0.109  0.125
 
65.  * 5.166  1.083  0.547  0.460  0.096  0.112
 
70.  * 4.580  1.066  0.516  0.441  0.083  0.099
 
75.  * 3.950  1.048  0.481  0.416
  0.071  0.087
 
80.  * 3.279
  1.029  0.438  0.383  0.060  0.075
 
85.  * 2.566  1.006  0.386  0.342  0.048
  0.062
 
90.  * 1.810  0.978  0.321
  0.288  0.035  0.050
 
82.  * 1.495  0.964  0.291  0.262  0.030  0.044
 
84.  * 1.172  0.947  0.256  0.233  0.025  0.038
 
96.  * 0.842  0.925  0.215  0.198  0.019  0.032
 
98.  * 0.504  0.894  0.166  0.156  0.011  0.025
 
100.  * 0.158  0.834  0.098  0.102  0.002  0.014
 
100.909 1  0.  0.  0.  0.  0.  0.
 
Since the trailing edge is blunted, an  imaginary  extension  for  the trailing edge is assumed.  Thus
 
the stagnation point forms at the sharp-imaginary trailing edge and away from the blunted-real trailing
 
edge.
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L  (a) =  pWT (a)	  (IV.6)
 T T

and the circulation for an arbitrary-translating airfoil is [26,27]
 
r  (a) = 47R sin(a  a)	  (IV.7)

T	 o
 
where a  is the angle of attack for zero liftl.  Thus
 
0
 
t
 
(Ct(a))T = 871.() sin(a  ao )	  (IV.8)
 
and for NACA 0015
 
R . 0.284	  (IV.9)
 c NACA 0015
 
Substituting in Eq. (IV.7)
 
(Ct(a))T  . 7.135 sina  (IV.10)
 
NACA 0015
 
Thus every term of Eq. (IV.3) in accounted for.  Equation (111.64)
 
can now be used to evaluate the coefficient of pressure at differ­
ent nodes of NACA 0015.
 
1.	  The angle of attack for zero lift, based on the coordinate
 
system used  in  this  thesis,  is  zero  for  all  symmetrical
 
airfoils.
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IV.3.2  Lift
 
As indicated earlier, the linear curves of the coefficient of
 
lift in Fig. (IV.4) suggest that it is possible to formulate the
 
coefficient of lift as a function of the angle of attack and angu­
lar velocity.  It was also noted that the change in circulation due
 
to a change in the angular velocity is constant, regardless of the
 
angle of attack.  Thus
 
r(a,2) = rT(a) + rp(2)  (IV.11)
 
Using Eq. (IV.7) for a symmetrical airfoil
 
r(a,Q) =  4rrR sina + rp(2)  (IV.12)
 
Futhermore, assuming the following form for r(a,2)
 
Nal2) = -4irR sin(a + X  (IV.13)
 
where X is a constant.  Thus lift can be expressed as
 
Cx(a,2) =  sin(a + X Wcl  (IV.14)
 
The value of X for NACA 0015, pitching about point 0.38c is obtain­
ed from Fig. (IV.4).
 
X =  0.385  (IV.15)
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This value of X is in good agreement with the one obtained by Neff
 
[23],  who superimposed the relative velocities of a translating
 
NACA 0015 at an angle of attack and the analytical solution of a 20
 
percent thick-pitching ellipse to obtain A = - 0.39.  Thus
 
[C (a 0]  s. 7.135 sin(a - 0.385  (IV.16)
 
NACA 0015
 
Comparing Eqs.  (IV.16) and IV.10), one can note that the ef­
fect of pitching on lift is a mere shift in angle of  attack'  pro­
portional to angular velocity.
 
IV.4  Closure
 
The three tasks, undertaken at the beginning of this chapter,
 
have been completed.  Based on the procedure explained in this
 
chapter, the coefficient of pressure and lift can be obtained with­
out having to execute the program for every single case.  It should
 
be repeated that the value of X given by Equation (IV.15) is only
 
applicable to NACA 0015 pitching about point 0.38c.  The  values of
 
(VRel(a))P
  in Table (IV.2) are only useful when the airfoil is
 
Sic
 
pitching about point 0.38c or 0.50c.  However, by executing the
 
program for other centers of rotation and/or airfoils, values of X
 
can be obtained and tables similar to Table (IV.2) produced.
 
1.  The effect of pitch on lift is not a change of camber as may
 
be suggested by Eqs. (IV.16), (IV.10, and (IV.8).  Camber will
 
slightly change the value of R,  thus changing the value of
 
7.135.
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Chapter V
 
Summary and Conclusions
 
An analytical model leading to the pressure distribution on
 
the cross section of the Darrieus Rotor Blade was developed.  The
 
model was based on the inviscid flow theory, and the contribution
 
of the nonsteady wake vortices were neglected.  The mathematical/ ­
numerical  equations,  developed  from  the  model,  were  coded  in
 
FORTRAN language.  The result obtained from the execution of the
 
program for various operating conditions indicate that:
 
Operating at the same angle of attack, the pressure dis­
tribution on a translating and pitching airfoil is dif­
ferent from that of a translating airfoil.  The deviation
 
of the pressure distribution depends upon the location of
 
the center of rotation and angular velocity.
 
Generating the same lift, the pressure distribution on a
 
translating and pitching airfoil is generally different
 
from that of a translating airfoil.  The deviation of the
 
pressure distribution depends upon the location of the
 
center of rotation, the angular velocity, and the angle
 
of attack.
 
Under identical flow conditions, the lift and the pres­
sure distribution at the upwind and the downwind postions
 
of the airfoil are different.  The higher lift-producing
 
position presents larger adverse pressure gradient.
 
Despite rotation, lift can be adequately approximated by
 
the Kutta-Joukowski forces.
 
The thrust caused by the pitch is generally small and
 
consistently less than one percent of the lift produced
 
for each case.
 
The  absolute  fluid  velocity  about  a  translating  and
 
pitching airfoil can be obtained by superimposing the
 
absolute fluid velocities of the airfoil executing each
 
motion independently.  As  a consequence,  the relative
 
fluid velocity and circulation can also be obtained by
 
superposition.
 59 
The effect of pitch on the coefficient of lift can be
 
approximated by a linear shift in the angle of attack
 
proportional to the angular velocity.
 
The next logical step, after obtaining lift and pressure dis­
tribution on a translating and pitching airfoil,  is to perform a
 
boundary layer analysis.  The velocity distribution about the air­
foil can be used to obtain the theoretical coefficient of drag for
 
the airfoil.  The effect of pitch on drag and the point of transi­
tion to the turbulent boundary layer must be thoroughly investigat­
ed.
 
In a more detailed analysis, the boundary layer thickness can
 
be added onto the airfoil boundary and the new "airfoil" analyzed
 
using the method presented in this thesis.  This iterative process
 
can be continued until satisfactory results are obtained.
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Appendix A
 
Poisson Integral Formulas
 
According to Cauchy's formula for the exterior domain, if the
 
function F(z) is analytical in the region L exterior to a closed
 
contour C and continuous on C, then
 
1  F(a)

F(z) = F(03)  da  (A-1)

2ni
 
(C) a  z
 
where z is a point exterior or on C.
 
Denoting
 
F(z) = F(r,q) = f(r,4) + i g(r,4)  (A-2)
 
and assuming the closed contour C to be a unit circle with center
 
at the origin, a point on the circle is given by the complex number
 
iv
 
a = e  (A-3)
 
The Poisson equations are the polar form of the Cauchy's for­
mula.  These equations are [16]
 
27
 
1  r  2 sin(  - v)
 g(1,v)
 f(r,()) = f(')  dv
 
27
 
0
'  1 + r2 - 2r cos(4)  v)
 
(A-4)
 
27  2
 
1  1 - r
 
f(r,()) = - TIT  f  f(1,v)  dv  (A-5)
 
2
 
0  1 + r  - 2r cos(4) - v)
 
27  2r sink) - v)

1
 g(r,()) = g(=)  727  f  f(1,v)  dv  (A-6)
 
0  1 + r2 - 2r cos() - v)
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- r2

g(1,v)  dv  (A-7)
 2r
 
/ + r2  2r cos(0 - v)
 
where
 
f(.)  1
 1im f(r,o) 
2'r 
f(1,v)dv  (A-8)
 
277.
  r
 
2r
 
1.7777 f  g(1,v)dv  (A-9) 
r  03  0 
On the boundary of the unit circle where z  eiO, Eqs. (A-4)  and
 
(A-6) can be simplified to
 
,  2r
 
f(1,95)  = f(=) +  of  g(1,1) cot(17p)dv  (A-I0)
 
271­
g(1,95)  g(w)  f  f(1,v) Coq-L:1-12)d  (A-11)

2
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APPENDIX B
 
Computer Code
 
The mathematical/numerical model developed in Chapter III has
 
been coded in FORTRAN compatible with the CDC CYBER 75 computer at
 
Oregon State University.
 
The program was named "DARIUS" and is listed on the following
 
pages.  The program listing includes a description of each subpro­
gram, as well as the necessary input/output information to execute
 
the program.  A sample output is also included.
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PROGRAM DARIUS (TAPE5,TAPE6,INPUT,OUTPUT) 
C 
C  PROGRAM DESCRIPTION 
C 
C 
C  PROGRAM "DARIUS" COMPUTES THE PRESSURE DISTRIBUTION ON A 
C  TRANSLATING AND/OR ROTATING AIRFOIL.  THE PROGRAM IS BASED 
C  ON THE INVISCID FLOW THEORY AND THE CONTRIBUTION OF THE WAKE 
C  VORTICES ARE NEGLECTED.  THE MAIN PROGRAM ONLY OUTPUTS THE 
C  RESULTS.  THE DESCRIPTION OF THE FUNCTION OF EACH SUB ­
C  ROUTINE IS GIVEN BELOW. 
C 
C  NODES: 
C  READS THE NECESSARY INPUT. 
C 
C  TRAIL: 
C  COMPUTES THE TRAILING EDGE EXTENSION (IF THE AIRFOIL IS 
C  BLUNTED) AND THE WEDGE ANGLE. 
C 
C  TRANS1: 
C  TRANSFORMS THE AIRFOIL ONTO A PSEUDO-CIRCLE USING THE 
C  KARMAN-TREFFTZ TRANSFORMATION. 
C 
C  LINEAR: 
C  PERFORMS A LINEAR INTERPOLATION OF ANGLES WITHIN ONE RIEMAN 
C  SHEET.  THE RESULT CAN BE AN ANGLE WITHIN ONE RIEMAN SHEET 
C  OR OTHERWISE. 
C 
C  TRANS2: 
C  TRANSFORMS THE PSEUDO-CIRCLE GENERATED IN SUBROUTINE 
C  "TRANS1" TO A UNIT CIRCLE. 
C 
C  TANV: 
C  THE BOUNDARY FUNCTION IS COMPUTED FOR THE IMAGE OF THE 
C  EQUALLY SPACED POINTS AROUND THE UNIT CIRCLE.  THE POTENTIAL 
C  IS THEN COMPUTED AND THE VELOCITY AND CIRCULATION ARE 
C  CALCULATED.  THE VELOCITY AND PRESSURE IS THEN DECIDED FOR 
C  THE ORIGINAL AIRFOIL NODES.  THE LIFT AND THRUST IS ALSO 
C  COMPUTED BY NUMERICAL INTEGRATION OF THE PRESSURE. 
C 
C  INTEG: 
C  INTEGRATES THE POISSION EQUATION AT THE BOUNDARY 
C 
C  MAGN: 
C  COMPUTES THE MAGNIFICATION FACTOR (MAPPING DERIVATIVE) AT 
C  POINTS ADJACENT TO THE TRAILING EDGE. 
C 
C  NORMV: 67 
C  COMPUTES THE NORMAL VELOCITY OF THE AIRFOIL. 
C 
C  TVAF: 
C  COMPUTES THE TANGENT VELOCITY OF THE AIRFOIL. 
C 
C  FNODES: 
C  THE THICKNESS FUNCTION FOR THE AIRFOIL'S UPPER AND LOWER 
C  SURFACES AS WELL AS THE EQUATIONS OF THE SLOPE CAN BE 
C  INPUTED IN THIS SUBROUTINE.  THIS SUBROUTINE WILL NOT BE 
C  EXECUTED IF AN INPUT FILE IS SPECIFIED.  THE POSITION OF THE 
C  NODES CAN BE DEFINED BY ADJUSTING THE "DATA" STATEMENT.  THE 
C  VALUE OF "NN1", IMMEDIATELY FOLLOWING THE "DATA" STATEMENT 
C  MUST ALSO BE ADJUSTED. 
C 
C 
C 
C  INPUT/OUTPUT INFORMATION 
C 
C 
C  THE MAIN INPUTS TO THE PROGRAM ARE LISTED BELOW: 
C  1)  THE NON-DIMENSIONAL ANGULAR VELOCITY: 
C  (ANGULAR VELOCIITY * CHORD / FREE STREAM VELOCITY) 
C  THE VALUE OF THIS PARAMETER IS 0., IF THE AIRFOIL IS 
C  NOT PITCHING AND 1., IF THE AIRFOIL IS NOT TRANSLATING. 
C  2)  THE FREE STREAM VELOCITY FLAG:  THIS PARAMETER IS 
C  ALWAYS 1., UNLESS THE AIRFOIL IS NOT TRANSLATING, IN 
C  WHICH CASE IT IS 0. 
C  3)  THE ANGLE OF ATTACK IN DEGREES 
C  4)  THE COORDINATES OF THE CENTER OF ROTATION IN PERCENT 
C  CHORD 
C  5)  THE COORDINATES OF THE POINT HALF WAY BETWEEN THE 
C  LEADING EDGE AND ITS CENTER OF CURVATURE IN PERCENT 
C  CHORD 
C  6)  THE AIRFOIL GEOMETRY (THE NODES' COORDINATES) 
C 
C  THE ABOVE INFORMATION CAN BE INPUTED USING AN INPUT FILE 
C  OR INTERACTIVELY.  THE LATTER IS THE ONE MOST OFTEN USED. 
C 
C  INPUT FILE FORMAT: 
C 
C  THE INPUT FILE IS FREE FORMAT AND MUST APPEAR IN THE FOLLOW ­
C  ING MANNER: 
C  LINE 1)  ANGLE OF ATTACK IN DEGREES, NON-DIMENSIONAL ANGULAR 
C  VELOCITY, FREE STREAM VELOCITY FLAG 
C  LINE 2)  THE COORDINATES OF THE CENTER OF ROTATION IN PERCENT 
C  CHORD:  REAL,IMAGINARY 
C  LINE 3)  THE COORDINATES OF THE POINT HALF WAY BETWEEN THE 
C  THE LEADING EDGE AND ITS CENTER OF CURVATURE IN 68 
C  PERCENT CHORD:  REAL, IMAGINARY 
C  LINE 4)  0.,0.  THE COORDINATES OF THE LEADING EDGE 
C 
C 
C 
C  THE COORDINATES OF THE AIRFOIL MUST APPEAR 
C  IN PERCENT CHORD (ONE SET OF COORDINATES PER 
C  LINE) AND IN THE CLOCKWISE DIRICTION.  THE 
C  TRAILING EDGE IS ASSUMED TO BE AT 100 PERCENT 
C  CHORD.  IF THE AIRFOIL IS SYMMETRICAL THE 
C  DATA FILE CAN BE CLOSED BY SPESIFYING 
C  999.,999. ON THE LAST INPUT CARD AND AFTER 
C  ALL THE NODES OF THE UPPER SURFACE ARE INPUT ­
C  IF THE AIRFOIL IS NOT SYMMETRICAL THE 
C  COORDINATES OF THE LOWER SURFACE MUST ALSO 
C  BE SPECIFFIED.  FOR CAMBERED AIRFOILS, THE 
C  CARD 999.,999. IS NOT NEEDED AND IT IS NOT 
C  NECESSARY TO INCLUDE THE COORDINATES OF THE 
C  LEADING EDGE AS THE LAST INPUT CARD. 
C 
C 
C 
C  TO EXECUTE THE PROGRAM WHEN AN INPUT FILE IS BEING USED: 
C  LGO,INPUT FILE,OUTPUT  TO SEE THE RESULTS AT TERMINAL 
C  LGO,INPUT FILE, OUTPUT FILE  TO SAVE THE RESULTS 
C 
C 
C  INTERACTIVE USE: 
C 
C 
C  THE THICKNESS FUNCTION AS WELL AS ITS DERIIVATIVE MUST 
C  BE PROGRAMED WITHIN SUBROUTINE "FNODES" AT THE LOCATIONS 
C  INDICATED BY THE "COMMENT" STATEMENTS.  THE LOCATION OF THE 
C  NODES CAN BE SPECIFIED IN THE "DATA" STATEMENT.  THE NUMBER 
C  OF NODES DESIRED MUST ALSO BE DEFINED BY THE VARIABLE "NN1" 
C  IMMEDIATELY FOLLOWING THE "DATA" STATEMENT.  THE REMAINING 
C  INPUTS WILL BE REQUESTED BY THE PROGRAM INTERACTIVELY. 
C  TO EXECUTE THE PROGRAM INTERACTIVELY: 
C  LGO,INPUT,OUTPUT  TO SEE THE RESULTS AT TERMINAL 
C  LGO,INPUT,OUTPUT FILE  TO SAVE THE RESULTS 
C 
C  THE OUTPUT CONTAINNS VELOCITIES AND CIRCULATION.  ALL 
C  VELOCITIES ARE NON-DIMENSIONALIZED BY THE FREE STREAM 
C  VELOCITY FLAG.  THE CIRCULATION IS NON-DIMENSIONALIZED 
C  BY (FREE STREAM FLAG * CHORD). 
C 
C  IF THE AIRFOIL IS NOT TRANSLATING (FREE STREAM FLAG=0.), THE 
C  NON-DIMENSIONALIZATION PROCESS EXPLAINED IN THE PREVIOUS 69 
C  PARAGRAPH WOULD RESULT IN THE FAILURE OF THE PROGRAM.  TO 
C  AVOID THIS PROBLEM, THE PROGRAM WILL AUTOMATICALLY REQUEST 
C  A REFERENCE VELOCITY.  THE MOST CONVINIENT REFERENCE VELOCITY 
C  IS (VELOCITY / (ANGULAR VELOCITY * CHORD)).  THE RESULTS ARE 
C  THUS NON-DIMENSIONALIZED BY THE ABOVE PARAMETER.  THIS 
C  PROCEDURE IS PARTICULARLY USEFUL FOR SUPERPOSITION PURPUSES. 
C  THE RESULTS OBTAINED CAN BE DIRECTLY SUPERIMPOSED ON THE 
C  THE RESULTS FROM THE TRANSLATING-ONLY AIRFFOIL. 
C 
C 
C 
C  PROGRAM VARIABLES 
C 
C  THE VARIABLES USED IN THE "COMMON" STATEMENTS THROUGHOUT 
C  THE PROGRAM AS WELL AS THEIR SIGNIFICANCE ARE SHOWN HERE: 
C 
C 
C  AA  :IF 'Y', A DATA FILE IS BEING USED 
C  ANGL  :ANGLE BETWEEN NORMAL TO THE AIRFOIL AND THE CHORD 
C  ANGL1  :ANGLE BETWEEN THE CHORD LINE AND THE LINE 
C  CONNECTING THE LEADING EDGE AND ITS CENTER OF 
C  CURVATURE 
C  ATACK  :ANGLE OF ATTACK IN DEGREES 
C  ATTACK :ANGLE OF ATTACK IN RADIANS 
C  BETA  :1./(2.-TAU/PI) 
C  C  :COMPLEX COORDINATES OF THE CENTER OF ROTATION 
C  CHORD  :CHORD ON THE UNIT CHORD BASIS 
C  CI  :IMAGINARY PART OF C 
C  CIRC  :NON-DIMENSIONAL CIRCULATION 
C  CR  :REAL PART OF C 
C  CSUBL  :COEFFICIENT OF LIFT 
C  CSUBP  :COEFFICIENT OF PRESSURE 
C  CSUBT  :COEFFICIENT OF THRUST 
C  DELTA  :INCREMENT OF ANGLE IN THE UNIT CIRCLE PLANE 
C  DZDZE  :D(Z)/D(ZETA), COMPLEX 
C  DZEDZP :D(ZETA)/D(ZPRIM), COMPLEX 
C  FACTOR :ABSOLUTE VALUE OF DZDZE 
C  FACTOR1:ABSOLUTE VALUE OF DZEDZP 
C  FACTORC:ABSOLUTE VALUE OF DZDZP 
C  GAMA  :ANGLE ON THE PSEUDO CIRCLE CORRESPONDING TO THE 
C  EQUALLY SPACED POINTS AROUND THE UNIT CIRCLE 
C  ISYMM  :IF 0., THE AIRFOIL SYMMETRICAL; IF 1., CAMBERED 
C  ITRAIL1:NODE NUMBER CORRESPONDING TO THE NODE ADJACENT TO 
C  THE TRAILING EDGE OF THE AIRFOIL ON THE UPPER 
C  SURFACE 
C  ITRAIL2:NODE NUMBER CORRESPONDING TO THE NODE ADJACENT TO 
C  THE TRAILING EDGE OF THE AIRFOIL ON THE LOWER 
C  SURFACE 70 
C  LARGE  :(1.E12,1.E12) ASSOCIATED WITH THE MAGNIFICATION 
C  FACTOR AT THE TRAILING EDGE 
C  NN  :NUMBER OF NODES 
C  NNI  :THE VALUE OF "PARAMETER" INDICATING THE NUMBER OF 
C  THE NODES ON THE AIRFOIL SURFACE 
C  NODE  :COMPLEX NODE AROUND THE AIRFOIL (IN PERCENT) 
C  NODE1  :THE COMPLEX COORDINATES OF THE POINT HALF WAY 
C  BETWEEN THE LEADING EDGE AND THE CENTER OF ROTATION 
C  IN PERCENT CHORD 
C  NP  :THE VALUE OF "PARAMETER" INDICATING THE NUMBER OF 
C  EQUALLY SPACED POINTS AROUND THE PSEUDE-CIRCLE 
C  OFF  :EXTENSION OF THE TRAILING EDGE 
C  OMEGA  :NON-DIMENSSIONAL ANGULAR VELOCITY 
C  PHI  :ANGLE ASSOCIATED WITH THE EQUALLY SPACED POINTS 
C  AROUND THE UNIT-CIRCLE 
C  PI  :3.14159... 
C  PI2  :2.*PI 
C  PIH  :3.*PI/2. 
C  PIL  :PI/2. 
C  PSI  :THE IMAGE OF THE AIRFOIL NODES ON THE UNIT CIRCLE 
C  POTENT :POTENTIAL BEFORE ADDING CIRCULATION AT THE BOUNDARY 
C  RELV  :RELATIVE VELOCITY 
C  REM  :TITLE MESSAGE 
C  RNORMAL:RADIUS OF THE CIRCLE THE AIRFOIL CONVERGES TO 
C  RPC  :LOCAL RADIUS OF THE PSEUDO-CIRCLE 
C  RPC1  :NORMALIZED LOCAL RADIUS OF THE PSEUDO-CIRCLE 
C  SHIFT  :COMPLEX SHIFT IN THE PSEUDEO-CIRCLE IN ORDER TO 
C  TRANSFER THE COORDINATE SYSTEM FROM THE TRAILING 
C  EDGE TO THE APPROXIMATE POSITION OF THE CENTER OF 
C  THE PSEUDO-CIRCLE 
C  SLOPE  :SLOPE OF THE AIRFOIL 
C  TAU  :WEDGE ANGLE 
C  TAU1  :THE ANGLE BETWEEN THE UPPER AIRFOIL SURFACE AND THE 
C  CHORD AT THE TRAILING EDGE 
C  TAU2  :THE ANGLE BETWEEN THE LOWER AIRFOIL SURFACE AND THE 
C  CHORD AT THE TRAILING EDGE 
C  THETA  :THE ANGLE ASSOCIATED WITH THE IMAGE OF THE AIRFOIL 
C  NODES ON THE PSEUDO-CIRCLE PLANE 
C  TRAILS :ANGLE OF ZERO LIFT 
C  VAF  :VELOCITY OF THE AIRFOIL 
C  VC  :ABSOLUTE FLUID VELOCITY OVER THE UNIT CIRCLE BEFORE 
C  APPLYING CIRCULATION 
C  VNNNI  :ABSOLUTE FLUID VELOCITY OVER THE AIRFOIL 
C  VTAF  :TANGENT VELOCITY OF THE AIRFOIL 
C  VTNNI  :TANGENT FLUID VELOCITY OVER THE AIRFOIL 
C  W  :FREE STREAM VELOCITY FLAG 
C  WREF  :REFERENCE VELOCITY 
C  X  :AIRFOIL REAL COORDINATE ON THE UNIT CHORD BASIS 71 
C  XINT1  :KERNEL 
C  Y  :AIRFOIL IMAGINARY COORDINATE ON THE UNIT CHORD 
C  BASIS 
C  ZETA  :COMPLEX AIRFOIL COORDINATES ON THE UNIT CHORD BASIS 
C  ZETA1  :THE POINT HALF WAY BETWEENN THE LEADING EDGE AND 
C  ITS CENTER OF CURVATURE ON THE UNIT CHORD BASIS 
C  ZETAC  :COMPLEX COORDINATES OF THE AIRFOIL PRODUCED FROM 
C  THE EQUALLY SPACED POINTS AROUND THE UNIT CIRCLE 
C  ZPRIMC1:THE NORMALIZED PSEUDO-CIRCLE CORRESPONDING TO THE 
C  EQUALLY SPACED POINTS AROUND THE UNIT CIRCLE 
C 
C 
C 
C 
C 
PARAMETER (NP=100) 
PARAMETER (NNI=100) 
COMMON /A/ NN 
COMMON /B/ THETA(NNI) 
COMMON /C/ FACTOR1(NNI),DZEDZP,RPC(NNI) 
COMMON /E/ PSI(NNI),FACTOR(NNI),DZDZE,TRAILS,RNORMAL,LARGE 
COMMON /F/ ATTACK,OMEGA,W,ATACK,CR,CI,WREF 
COMMON /G/ NODE,C,CHORD,ITRAIL1,ITRAIL2,TAU1,TAU2,NODE1 
COMMON /H/ PHI(NP),ZPRIMC1 
COMMON /Q/ VTNNI(NNI),ZETAC(NP),VC(NP),POTENT(NP) 
COMMON /R/ CIRC,CSUBT,CSUBL,CSUBP(NNI),RELV(NNI) 
COMMON /S/ VNNNI(NNI),VAF(NNI),VTAF(NNI),ANGL(NNI) 
+,X(O:NNI),Y(O:NNI) 
COMMON /YN/ AA,REM 
COMPLEX NODE(NNI),DZEDZP(NNI),DZDZE(NNI),LARGE,C,NODE1 
+,ZPRIMC1(NP),ZETAC 
CHARACTER AA*1,REM*66 
DATA N,EPS,ITER /91,.0001,15/ 
CALL NODES 
CALL TRANS1 
WRITE (6,*) REM 
WRITE (6,10) N,EPS,W,WREF,OMEGA,ATACK,CR,CI,NODE1 
10 FORMAT (////,30X,'INPUTS',//,6X, 
+'NUMBER OF THE POINTS AROUND THE CIRCLE:',I4,/,6X, 
+'CONVERGENCE CRITERION:',F8.6,/,6X, 
+'FREE STREAM VELOCITY FLAG:',F10.6,/,6X, 
+'REFERENCE VELOCITY:',F10.6,/,6X, 
+'NON-DIMENSIONAL ANGULAR VELOCITY:',F10.6,/,6X, 
+'ANGLE OF ATTACK:',F8.2,' DEGREES',/,6X, 
+'CENTER OF ROTATION IN PERCENT CHORD: 0,F8.4,',',F8.4, 
+')', /,6X,'THE POINT HALF WAY BETWEEN THE LEADING EDGE AND  ' 
+,/,6X,'ITS CENTER OF CURVATURE IN PERCENT: 0,F8.4,',',F8.4, 72 
+,//,19X,'GEOMETRY AND TRANSFORMATION',//)
 
CALL TRANS2 (N,EPS,ITER)
 
WRITE (6,20) RNORMAL,TRAILS
 
20 FORMAT (6X,'VALUE USED IN NORMALIZING THE RADIUS OF',
 
+' PSEUDO CIRCLE:',F6.4,/,6X,
 
+'ANGLE OF ZERO LIFT FOR STREAMING MOTION: ',F6.4,
 
+' RADIANS',//)
 
WRITE (6,25)
 
25 FORMAT (4X,'AIRFIOL IN',/,'  PERCENT CHORD',5X,
 
+tPSEUDO-CIRCLE',4X,'UNIT CIRCLE',4X,'MAGNIFICATION',/,
 
+'  ',2X,
 
+'  ',/,'  X  Y  RADIUS  ANGLE',
 
+ 1  ANGLE  ABS VALUE',/,'
 
t)
 +1
 
DO 40 I=1,NN
 
WRITE (6,30) NODE(I),RPC(I),THETA(I),PSI(I),FACTOR(I)
 
30 FORMAT (F7.3,2X,F7.3,2X,F6.3,4X,F6.3,6X,F6.3,9X,F7.3)
 
40 CONTINUE
 
M=N-1
 
CALL NORMV
 
CALL TANV (M)
 
WRITE (6,50)
 
50 FORMAT (//,13X,'
 
+//,14X,'UNIT CIRCLE  ====>  UNIT CHORD AIRFOIL',///,6X,
 
+'TANGENT VELOCITY SIGN CONVENTION: ',/,40X,
 
+'CLOCKWISE
 
+,/,40X,,COUNTER CLOCKWISE  +',///,
 
+38X,'BEFORE APPLYING CIRCULATION', /,
 
+' UNIT CIRCLE',9X,'AIRFOIL',7X,
 
+ 1
  tit
 
+t  ',18X,' FLUID VELOCITY',/,
 
+5X,' ANGLE ',9X,'X',9X,'Y',7X,'POTENTIAL  OVER UNIT CIRCLE'
 
+tit'
 
+ 1
 
DO 70 I=1,M
 
C
 
C  TO NON-DIMENSIONALIZE THE VELOCITY BY
 
C  THE REFERENCE VELOCITY
 
C
 
VC(I)=VC(I)/WREF
 
WRITE (6,60) PHI(I),ZETAC(I),POTENT(I),VC(I)
 
60 FORMAT (3X,F7.3,6X,F7.5,3X,F7.5,5X,F7.4,9X,F9.6)
 
70 CONTINUE
 
WRITE (6,80) CIRC,CSUBT,CSUBL
 
80 FORMAT (//,13X,'
 
+//,26X,'FINAL RESULTS',///,6X,
 
+ICIRCULATION AND',/,6X,'TANGENT VELOCITY SIGN
 
+'CONVENTION: 1,/,40X,'CLOCKWISE  -t,/,40X,
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+ 'COUNTER CLOCKWISE  +',//,6X,'NORMAL VELOCITY SIGN ',
 
+'CONVENTION: ',/,40X,'INWARD TO FOIL  -1,/,40X,
 
+'OUTWARD FROM FOIL  +,,//,6X,
 
+ 'THRUST SIGN CONVENTION:',/,40X,
 
+'OPPOS. FREE STREAM  +',//,6X,'LIFT SIGN CONVENTION:',/,
 
+40X,'90 DEGREES C.W.',/,40X,'FROM POS. THRUST  +'
 
+,//,6X,'NON-DIMENSIONAL CIRCULATION: ',F10.4
 
+,/,6X,'COEFFICIENT OF THRUST: ',F10.4,/,
 
+6X,'COEFFICIENT OF LIFT: ',F10.4,//,
 
+1  AIRFOIL IN  AIRFOIL  ABS. FLUID  FLUID',/
 
+,'  PERCENT CHORD  VELOCITY  VELOCITY  VELOCITY'
 
PRESSURE',/,'  X  Y  ABS VALUE  NORMAL'
 
+,'  TANGENT  RELATIVE  COEF',/,'
 
+1
 
DO 100 I=1,NN
 
C
 
C  TO NON-DIMENSIONALIZE THE VELOCITIES BY
 
C  THE REFERENCE VELOCITY
 
C
 
VAF(I)=VAF(I)/WREF
 
VNNNI(I)=VNNNI(I)/WREF
 
VTNNI(I)=VTNNI(I)/WREF
 
RELV(I)=RELV(I)/WREF
 
WRITE (6,90) NODE(I),VAF(I),VNNNI(I),VTNNI(I),RELV(I),
 
+CSUBP(I)
 
90 FORMAT (F7.3,2X,F7.3,3X,F7.4,3X,F7.4,2X,F7.4,3X,F8.5,
 
+2X,F8.3)
 
100 CONTINUE
 
STOP
 
END
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C 
C 
C 
C 
C 
SUBROUTINE NODES 
PARAMETER (NNI=100) 
COMPLEX ZETA(NNI),ZETA1,NODE(NNI),C,NODE1 
COMMON/A/NN 
COMMON/D1/ZETA,TAU 
COMMON/D2/ZETA1,OFF,ANGL1 
COMMON/F/ ATTACK,OMEGA,W,ATACK,CR,CI,WREF 
COMMON/G/ NODE,C,CHORD,ITRAIL1,ITRAIL2,TAU1,TAU2,NODE1 
COMMON/L/ISYMM 
COMMON /P/ PIL,PI,PIH,PI2 
COMMON /YN/ AA,REM 
CHARACTER AA*1,REM*66,ANS*1 
DATA PI /3.14159265359/ 
PI2 =2. *PI 
PIL=PI/2. 
PIH=3.*PIL 
REM ='  ' 
WRITE (*,1) 
1 FORMAT ("DO YOU HAVE A TITLE FOR THE OUTPUT?",/, 
+"IF SO, TYPE IT INSIDE QUOTES (') USING A MAXIMUM OF 66 ", 
+"CHARACTERS;",/,"OTHERWISE TYPE (")") 
READ *, REM 
C 
C  READ THE NECESSARY INPUT 
C 
10 WRITE (*,2) 
2 FORMAT('ARE YOU USING AN INPUT FILE? (YES/NO)',/, 
+'IF NOT THE PROGRAM WILL USE THE INPUTED FORMULAS IN (FNODES)') 
READ 11, AA 
11 FORMAT (A1) 
ISYMM=1 
IF (AA.EQ.'Y') THEN 
READ (5,*)ATACK,OMEGA,W 
READ (5,*) CR,CI 
READ (5,*) X,Y 
ANGL1=ATAN(Y/X) 
ZETA1=CMPLX(X,Y) 
DO 20 I1=1,NNI 
INODE=I1 
READ (5,*,END=50) X,Y 
ZETA(I1)=CMPLX(X,Y) 
C 
C  SYMMETRICAL AIRFOIL 75 
C
 
IF (ZETA(I1).EQ.(999.099.)) THEN
 
ISYMM=0
 
MO=I1-1
 
M1=0
 
IF (AIMAG(ZETA(M0)).NE.0.) M1=1
 
NN=2*(I1-2)+M1
 
GO TO 30
 
END IF
 
20 CONTINUE
 
30 DO 40 I2=1,M0-2+M1
 
M2=MO-I2+M1
 
M3=M0+I2
 
ZETA(M3)=CONJG(ZETA(M2))
 
40 CONTINUE
 
GO TO 60
 
50 NN=INODE-1
 
ELSE IF (AA.EQ.'N') THEN
 
WRITE (11,6)
 
6 FORMAT ('IS THE AIRFOIL SYMMETRICAL? (YES /NO)')
 
READ (5,7) ANS
 
7 FORMAT (A1)
 
IF (ANS.M.tYt) ISYMM=0
 
WRITE (*,3)
 
3 FORMAT ('INPUT:', /,'ANGLE OF ATTACK IN DEGREES,', /,
 
+tNON-DIMENSIONAL ANGULAR VELOCITY ',
 
+t(1. IF ROTATING IN STILL FLUID),',/,
 
+'FREE STREAM VELOCITY FLAG ',
 
+'(0. FOR STILL FLUID, 1. OTHERWISE)')
 
READ (5,*) ATACK,OMEGA,W
 
WRITE (*,4)
 
4 FORMAT ('INPUT THE COORDINATES OF THE CENTER OF ROTATION ',
 
+'IN PERCENT CHORD')
 
READ (5,*) CR,CI
 
WRITE (*,5)
 
5 FORMAT ('INPUT THE COORDINATES OF THE POINT HALF WAY ',
 
+'BETWEEN THE LEADING', /,'EDGE AND ITS CENTER OF ',
 
+'CURVATURE IN PERCENT CHORD')
 
READ (5,*) X,Y
 
ANGL1=ATAN(Y/X)
 
ZETA1=CMPLX(X,Y)
 
CALL FNODES
 
ELSE
 
PRINT *, 'INPUT ONLY YES OR NO IF YOU WANT RESULTS!!'
 
GO TO 10
 
END IF
 
60 ATTACK=ATACK*PI/180.
 
C
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C  REFERENCE VELOCITY 
C 
IF (W.EQ.0.) THEN 
WRITE (*,8) 
8 FORMAT ('SINCE THERE IS NO FREE STREAM, ALL  VELOCITIES' 
+,/,'WILL BE NON-DIMENSIONALIZED BY "OMEGA*CHORD".  TO' 
+,/,'AVOID THIS INPUT A NON-DIMENSIONAL REFERENCE' 
+,/,'VELOCITY IN THE FORM OF',/, 
+1"REFERENCE VELOCITY /(OMEGA'CHORD) ".') 
READ (5,') WREF 
ELSE 
WREF=W 
END IF 
CALL TRAIL 
C 
C  NORMALIZATION OF THE AIRFOIL 
C 
NODE1=ZETA1 
ZETA1=ZETA1/100.-(1.10.)-CMPLX(OFF) 
DO 80 I4=1,NN 
NODE(I4)=ZETA(I4) 
ZETA(I4)=ZETA(I4)/100.-(1.,0.)-CMPLX(OFF) 
80 CONTINUE 
CHORD=1.+OFF 
C=CMPLX(CR,CI)/100. 
RETURN 
END 77 
C
 
C
 
C
 
C
 
C
 
SUBROUTINE TRAIL
 
PARAMETER (NNI=100)
 
COMPLEX ZETA(NNI),ZETA1,NODE(NNI),C,NODE1
 
COMMON/A/ NN
 
COMMON/D1/ ZETA, TAU
 
COMMON/D2/ ZETA1,OFF,ANGL1
 
COMMON/G/ NODE,C,CHORD,ITRAIL1,ITRAIL2,TAU1,TAU2,NODE1
 
IFLAG=0
 
DO 90 I=2,NN
 
L=I-1
 
C
 
C  AIRFOIL WITH SHARP TRAILING EDGE
 
C
 
IF (ZETA(I).EQ.(100.,0.)) THEN
 
IFLAG=1
 
K1=L
 
K2=I+1
 
C
 
C  AIRFOIL WITH CUT-OFF TRAILING EDGE
 
C
 
ELSE IF (AIMAG(ZETA(L)).GT.0..AND.AIMAG(ZETA(I)).LT.0..OR.
 
+AIMAG( ZETA( L)). LT.0..AND.AIMAG(ZETA(I)).GT.O.) THEN
 
IFLAG=2
 
K1=L-1
 
K2=L
 
K3=I
 
K4=I+1
 
END IF
 
IF (IFLAG.NE.0) GO TO 100
 
90 CONTINUE
 
C
 
C  LOCATING THE TRAILING EDGE BY ITS ADJACENT NODES,
 
C  CALCULATION OF THE TRAILING EDGE ANGLES,
 
C  EXTENSION OF THE AIRFOIL IF CUT-OFF
 
C
 
100 IF (IFLAG.EQ.1) THEN
 
IF (AIMAG(ZETA(K1)).GT.0.) THEN
 
ITRAIL1=K1
 
ITRAIL2=K2
 
ELSE
 
ITRAIL2=K1
 
ITRAIL1=K2
 
END IF
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OFF=0
 
Y1=ABS(AIMAG(ZETA(K1)))
 
X1=100.-ABS(REAL(ZETA(K1)))
 
TAU1=ATAN(Y1/X1)
 
Y2=ABS(AIMAG(ZETA(K2)))
 
X2=100.-ABS(REAL(ZETA(K2)))
 
TAU2=ATAN(Y2/X2)
 
TAU=TAU1+TAU2
 
ELSE IF (IFLAG.EQ.2) THEN
 
IF (AIMAG(ZETA(K2)).GT.0.) THEN
 
ITRAIL1=K2
 
ITRAIL2=K3
 
ELSE
 
ITRAIL1=K3
 
ITRAIL2=K2
 
END IF
 
Y1=ABS(AIMAG(ZETA(K1))-AIMAG(ZETA(K2)))
 
X1=ABS(REAL(ZETA(K1))-REAL(ZETA(K2)))
 
TAU1=ATAN(Y1/X1)
 
Y2=ABS(AIMAG(ZETA(K3))-AIMAG(ZETA(K4)))
 
X2=ABS(REAL(ZETA(K3))-REAL(ZETA(K4)))
 
TAU2=ATAN(Y2/X2)
 
TAU=TAU1+TAU2
 
OFF=(AIMAG(ZETA(K2))*X1/Y1)/100.
 
END IF
 
RETURN
 
END
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C 
C 
C 
C 
C 
SUBROUTINE TRANS1 
PARAMETER (NNI=100) 
COMPLEX ZETA(NNI),ZPRIM(NNI),DZEDZP(NNI),X1,X2,ZETA1, 
+PSEUDO(NNI),SHIFT 
COMMON/A/NN 
COMMON/B/THETA(NNI) 
COMMON/C/FACTOR1(NNI),DZEDZP,RPC(NNI) 
COMMON/D1/ZETA,TAU 
COMMON/D2/ZETA1,0FF,ANGL1 
COMMON/D3/BETA,SHIFT 
COMMON/P/ PIL,PI,PIH,PI2 
C 
C  KARMANTREFFTZ TRANSFORMATION 
C 
BETA=1./(2.(TAU/PI)) 
DO 70 13 =1,NN 
IF (ZETA(I3).EQ.(0.,0.)) THEN 
ZPRIM(I3)=(0.,0.) 
DZEDZP(I3)=(0.,0.) 
ELSE 
X1=((ZETA(I3)ZETA1)/ZETA(I3))**BETA 
X2=1./(1...X1) 
ZPRIM(I3)=BETA*ZETA1*X2 
DZEDZP(I3)=((ZETA(I3)/ZPRIM(I3))**2 ) *((ZETA(13) /(ZETA(13) 
+ZETA1))**(BETA1.)) 
END IF 
FACTOR1(I3)=CABS(DZEDZP(I3)) 
PSEUDO(I3)=ZPRIM(I3)...CMPLX(REAL(ZPRIM(1)/2.)) 
RPC(I3)=CABS(PSEUDO(I3)) 
THETA(I3)=ATAN2(AIMAG(PSEUDO(I3)),REAL(PSEUDO(I3))) 
IF (THETA(13).LT.0.) THETA(I3)=THETA(I3)+PI2 
70 CONTINUE 
SHIFT=CMPLX(REAL(ZPRIM(1)/2.)) 
RETURN 
END 80 
C 
C 
C 
C 
C 
SUBROUTINE LINEAR (COLUMN1,ANGLE,N,IND,COLUMN2,X) 
PARAMETER (NP=100) 
DIMENSION COLUMN1(NP),COLUMN2(NP),TABLE1(NP),TABLE2(NP) 
COMMON/P/PIL,PI,PIH,PI2 
PN=-PI 
DO 5 I0=1,N 
TABLE1(I0)=COLUMN1(I0) 
TABLE2(I0)=COLUMN2(I0) 
5 CONTINUE 
A=ANGLE 
C 
C  IF THE LAST POINT OF THE TABLE1 NEEDS TO BE INCLUDED 
C 
IF (IND.EQ.1) THEN 
IF (A.GT.PI) A=A-PI2 
M=N+1 
L=0 
C 
C  IF TABLE1 IS COUNTER CLOCKWISE 
C 
IF (TABLE1(1).GT.TABLE1(2)) L=1 
DO 10 I1=1,N 
IF (TABLE1(I1).GT.PI) TABLE1(I1)=TABLE1(I1)-PI2 
10 CONTINUE 
ROTATE=ABS(PI-TABLE1(1)) 
C 
C  COUNTER CLOCKWISE TABLE 
C 
IF (L.EQ.1) THEN 
TABLE1(1)=PI 
DO 20 I2=2,N 
TABLE1(I2)=TABLE1(I2)+ROTATE 
20 CONTINUE 
A=A+ROTATE 
C 
C  CLOCKWISE TABLE 
C 
ELSE IF (L.EQ.0).THEN 
TABLE1(1)=PN 
DO 30 13 =2,N 
TABLE1(I3)=TABLE1(I3)+ROTATE-PI2 
30 CONTINUE 
A=A+ROTATE-PI2 81 
END IF 
DO 40 I4=2,N 
IF (TABLE1(I4).GT.PI) TABLE1(I4)=TABLE1(I4)-PI2 
IF (TABLE1(I4).LT.PN) TABLE1(I4)=TABLE1(I4)+PI2 
40 CONTINUE 
IF (A.GT.PI) A=A-PI2 
IF (A.LT.PN) A=A+PI2 
TABLE2(M)=TABLE2(1) 
IF (L.EQ.0) TABLE1(M)=PI 
IF (L.EQ.1) TABLE1(M)=-PI 
C 
C  IF TABLE1 INCLUDED THE LAST POINT 
C 
ELSE IF (IND.EQ.2.0R.IND.EQ.3) THEN 
M=N 
ROTATE=PI2-TABLE1(N) 
TABLE1(1)=0. 
DO 45 17 =2,N 
TABLE1(I7)=TABLE1(I7)+ROTATE 
IF (TABLE1(I7).GT.PI2)TABLE1(I7)=TABLE1(I7)-PI2 
45 CONTINUE 
A=A+ROTATE 
IF (A.LT.0.) A=A+PI2 
IF (A.GT.PI2)A=A-PI2 
END IF 
DO 50 I5=1,M-1 
K=I5+1 
IF (A.EQ.TABLE1(I5)) THEN 
X=TABLE2(I5) 
GO TO 60 
ELSE IF (A.GT.TABLE1(I5).AND.A.LT.TABLE1(K).0R.A.LT. 
+TABLE1(I5).AND.A.GT.TABLE1(K)) THEN 
C 
C  IF TABLE2 IS ALSO A TABLE OF ANGLES 
C 
IF (IND.EQ.3) THEN 
IF (TABLE2(K).LT.PIL.AND.TABLE2(I5).GT.PIH) THEN 
TABLE2(K)=TABLE2(K)+PI2 
ELSE IF (TABLE2(K).GT.PIH.AND.TABLE2(I5).LT.PIL) THEN 
TABLE2(I5)=TABLE2(I5)+PI2 
END IF 
END IF 
C 
C  LINEAR INTERPOLATION 
C 
X1=TABLE2(K)-TABLE2(I5) 
X2=TABLE1(K)-TABLE1(I5) 
X3=A-TABLE1(I5) 82 
X=X1*X3/X2+TABLE2(I5)
 
IF (IND.EQ.3.AND.X.GT.PI2) X=X-PI2
 
GO TO 60
 
END IF
 
50 CONTINUE
 
IF (A.EQ.TABLE1(M)) X=TABLE2(M)
 
60 RETURN
 
END
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C 
C 
C 
C 
C 
SUBROUTINE TRANS2 (N,EPS,ITER) 
PARAMETER (NNI=100) 
PARAMETER (NP=100) 
COMPLEX ZPRIMC(NP),ZC(NP),DZDZPC(NP),DUMMY4,DZDZP(NNI) 
+,DZEDZP(NNI),DZDZE(NNI),LARGE,ZPRIMC1(NP) 
DIMENSION GAMA (NP),UO(NP),GAMAB(NP),ERROR(NP) 
+,RPCN(NP),RPC1(NP),UON(NP),DUNDGAM(NP),A1(NP),DFIDGAM(NP), 
+FACTORC(NP),ALPHAC(NP),FACTOR2(NNI),ALPHA(NNI),ABC(NP) 
COMMON/A/NN 
COMMON/B/THETA(NNI) 
COMMON/C/FACTOR1(NNI),DZEDZP,RPC(NNI) 
COMMON/E/PSI(NNI),FACTOR(NNI),DZDZE,TRAILS,RNORMAL,LARGE 
COMMON/H/PHI(NP),ZPRIMC1 
COMMON/L/ ISYMM 
COMMON/0/ FACTORC,RPC1,GAMA 
COMMON/P/PIL,PI,PIH,PI2 
COMMON/X/ XINT1 (NP,NP),DELTA 
DATA LARGE/(1.E12,1.E12)/ 
PHI(1)=0. 
DELTA=PI2/FLOAT(111) 
C 
C  CALCULATION OF ANGULAR STEP SIZE 
C 
DO 20 L=2,N 
L1=1....1 
PHI(L)=PHI(L1)+DELTA 
GAMA(L)=PHI(L) 
20 CONTINUE 
C 
C  CALCULATE AND STORE KERNAL FUNCTION 
C 
DO 31 L1=2,N 
ERROR(L1)=1. 
DO 31 L2=2,N 
IF (L1.EQ.L2) THEN 
XINT1(L1,L2)=0. 
GO TO 31 
END IF 
L2M=L2....1 
PHI12M=(PHI(L1)PHI(L2M))/2. 
IF(PHI12M.EQ.O.) GO TO 31 
PHI12=(PHI(L1)PHI(L2))/2. 
XINT1(L1,L2)=ALOG(ABS(SIN(PHI12)/SIN(PHI12M))) 84 
31 CONTINUE
 
C
 
C  ITERATIVE SOLUTION FOR UO(PHI)
 
C
 
I=0
 
22 I=I+1
 
DO 27 L=2,N
 
GAMAB(L)=GAMA(L)
 
GAMAP=GAMA(L)
 
CALL LINEAR (THETA,GAMAP,NN,1,RPC,RPC1(L))
 
UO(L)=AL°G(RPC1(L))
 
27 CONTINUE
 
RPC1(1)=RPC1(N)
 
UO(1) =UO(N)
 
DO 21 K=2,N
 
CALL INTEG (N,K,UO,ENT)
 
EN1=ENT/PI2
 
N1=IFIX(EN1)
 
ENT=(FLOAT(N1)-EN1)*PI2
 
GAMA(K)=PHI(K)+ENT
 
IF(GAMA(K).LT.0.) GAMA(K)=GAMA(K)+PI2
 
IF(GAMA(K).GT.PI2) GAMA(K)=GAMA(K)-PI2
 
ERROR( K)= ABS((GAMA(K)- GAMAB(K)) / GAMA(K))
 
21 CONTINUE
 
GAMA(1)=GAMA(N)
 
C
 
C  TEST FOR CONVERGENCE
 
C
 
INDE=1
 
DO 24 L=2,N
 
IF(ERROR(L).GT.EPS) INDE=2
 
IF(INDE.EQ.1) GO TO 23
 
IF(I.LT.ITER) GO TO 22
 
WRITE (6,522) ITER
 
522 FORMAT(6X,'CONVERGENCE WAS NOT OBTAINED AFTER ',13,
 
+' ITERATION(S).')
 
STOP
 
23 ITER=I
 
WRITE (6,29) ITER
 
29 FORMAT (6X,'CONVERGENCE OCCURED AFTER ',13,' ITERATION(S).')
 
DO 25 IK=1,NN
 
CALL LINEAR (GAMA,THETA(IK),N,2,PHI,PSI(IK))
 
IF (PSI(IK).LT.O.) PSI(IK)=PSI(IK)+PI2
 
25 CONTINUE
 
SUM1=UO(1)+UO(N)
 
DO 100 J1=2,N-1
 
SUM1=SUM1+2.*U0(J1)
 
100 CONTINUE
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RNORMAL=EXP(DELTA*SUM1/(2.11PI2))
 
DO 105 J2=1,N
 
RPCN(J2)=RPC1(J2)/RNORMAL
 
UON(J2)=ALOG(RPCN(J2))
 
105 CONTINUE
 
C
 
C  CALCULATION OF THE MAGNIFICATION FACTOR FOR THE
 
C  TRANSFORMATION FROM THE PSEUDO-CIRCLE TO THE UNIT CIRCLE
 
C
 
ABC(1)=0.
 
DO 110 J3=2,N
 
ABC(J3)=PHI(J3)
 
JM1=J3-1
 
IF (J3.EQ.N) THEN
 
JP1=2
 
ELSE
 
JP1=J3+1
 
END IF
 
ABC(JP1)=PHI(JP1)
 
IF (J3.EQ.N)ABC(2)=ABC(2)+PI2
 
Al(JM1)=GAMA(JM1)
 
A1(J3)=GAMA(J3)
 
Al(JP1)=GAMA(JP1)
 
IF (A1(JM1).GT.A1(J3)) THEN
 
Al(J3)=A1(J3)+PI2
 
A1(JP1)=A1(JP1)+PI2
 
ELSE IF (A1(J3).GT.A1(JP1)) THEN
 
A1(JP1)=A1(JP1)+PI2
 
END IF
 
DUMMY1=(Al(J3)-Al(JP1))/((A1( J3)-Al(JM1))41(Al(JP1)-A1(JM1)))
 
DUMMY2=1./(A1(J3)-Al(JM1))-1./(Al(JP1)-Al(J3))
 
DUMMY3=(A1( J3)-A1(JM1))/((Al(JP1)-Al(JM1))41(Al(JP1)-Al(J3)))
 
DUNDGAM(J3)=DUMMY1*UON( JM1)+DUMMY2*UON(J3)+DUMMY3IFUON(JP1)
 
DFIDGAM(J3)=DUMMY1*ABC( JM1)+DUMMY2*ABC(J3)+DUMMY3*ABC(JP1)
 
110 CONTINUE
 
DUNDGAM(1)=DUNDGAM(N)
 
DFIDGAM(1)=DFIDGAM(N)
 
DO 115 J4=1,N
 
ZC(J4)=CMPLX(COS(PHI(J4)),SIN(PHI(J4)))
 
ZPRIMC(J4)=RPCN(J4)*CMPLX(COS(GAMA(J4)),SIN(GAMA(J4)))
 
ZPRIMC1(J4)=ZPRIMC(J4)*RNORMAL
 
DUMMY4=CMPLX(1.,-DUNDGAM(J4))
 
DZDZPC(J4)=ZC(J4)*DFIDGAM(J4)/(ZPRIMC(J4)*DUMMY4)
 
FACTORC(J4)=CABS(DZDZPC(J4))
 
ALPHAC(J4)=ATAN2(AIMAG(DZDZPC(J4)),REAL(DZDZPC(J4)))
 
IF (ALPHAC(J4).LT.0.) ALPHAC(J4)=ALPHAC(J4)+PI2
 
115 CONTINUE
 
DO 120 J5=1,NN
 86 
CALL LINEAR (GAMA,THETA(J5),N,3,FACTORC,FACTOR2(J5))
 
CALL LINEAR ( GAMA, THETA(J5),N,2,ALPHAC,ALPHA(J5))
 
IF (ALPHA(J5).LT.O.) ALPHA(J5)=ALPHA(J5)+PI2
 
DZDZP(415)=FACTOR2( J5)*CMPLX(COS(ALPHA(J5)),SIN(ALPHA(J5)))
 
IF (DZEDZP(J5).EQ.(0.,0.)) THEN
 
DZDZE(J5)=LARGE
 
FACTOR(J5)=CABS(LARGE)
 
ELSE
 
DZDZE(J5)=DZDZP(J5)/(DZEDZP(J5)*RNORMAL)
 
FACTOR(J5)=FACTOR2(J5)/(FACTOR1(J5)*RNORMAL)
 
END IF
 
120 CONTINUE
 
C
 
C  ANGLE OF ZERO LIFT
 
C
 
IF (ISYMM.EQ.0) THEN
 
TRAILS=PI2
 
ELSE
 
CALL LINEAR (GAMA,O.,N,2,PHI,TRAILS)
 
IF (TRAILS.LE.0.) TRAILS=TRAILS+PI2
 
END IF
 
RETURN
 
END
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C
 
C
 
C
 
C
 
C
 
SUBROUTINE TANV (M)
 
PARAMETER (NNI=100)
 
PARAMETER (NP=100)
 
COMPLEX ZETA1,ZPRIMC1(NP),ZETAC,ZC(NP),A(NP),SHIFT,
 
+NODE(NNI),DZDZE(NNI),C,LARGE,NODE1
 
DIMENSION B(NP),VCNNI(NNI)
 
COMMON/A/ NN
 
COMMON/D2/ ZETA1,OFF,ANGL1
 
COMMON/D3/ BETA,SHIFT
 
COMMON/E/PSI(NNI),FACTOR(NNI),DZDZE,TRAILS,RNORMAL,LARGE
 
COMMON/F/ ATTACK,OMEGA,W,ATACK,CR,CI,WREF
 
COMMON/G/NODE,C,CHORD,ITRAIL1,ITRAIL2,TAU1,TAU2,NODE1
 
COMMON/H/ PHI(NP),ZPRIMC1
 
COMMON/L/ ISYMM
 
COMMON/P/PIL,PI,PIH,PI2
 
COMMON/Q/ VTNNI(NNI),ZETAC(NP),VC(NP),POTENT(NP)
 
COMMON /R/ CIRC,CSUBT,CSUBL,CSUBP(NNI),RELV(NNI)
 
COMMON/S/ VNNNI(NNI),VAF(NNI),VTAF(NNI),ANGL(NNI)
 
+,X(0:NNI),Y(O:NNI)
 
COMMON/X/ XINT1(NP,NP),DELTA
 
C
 
C  INVERSE KARMAN-TREFFTZ (PSEUDO CIRCLE===>AIRFOIL)
 
C
 
DO 200 I=1,M
 
ZPRIMC1(I)=ZPRIMC1(I)+SHIFT
 
ZETAC(I)=ZETA1/(1.-(0.-(BETA*ZETA1/ZPRIMC1(I)))**
 
+(1./BETA)))
 
ZETAC(I)=ZETAC(I)+CMPLX(OFF)+(1.,0.)
 
RHO=CABS(ZETAC(I)-C)
 
AKSI=REAL(ZETAC(I)-C)
 
ETA=AIMAG(ZETAC(I)-C)
 
C
 
C  BOUNDARY FUNCTION
 
C
 
B(I)=W*AKSI*SIN(ATTACK)-W*ETA*COS(ATTACK)-RHO*RHO*OMEGA/2.
 
200 CONTINUE
 
N=M+1
 
ZETAC(N)=ZETAC(1)
 
B(N)=B(1)
 
C
 
C  POTENTIAL
 
C
 
DO 10 K=2,N
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CALL INTEG (N,K,B,POTENT(K))
 
10 CONTINUE
 
POTENT(1)=POTENT(N)
 
DO 20 K=2,M
 
KP=K+1
 
KM=K-1
 
C
 
C  TANGENT VELOCITY OF THE FLUID OVER THE UNIT CIRCLE
 
C  BEFORE APPLYING THE CIRCULATION
 
C
 
VC(K)=(POTENT(KP)-POTENT(KM))/(2.*DELTA)
 
20 CONTINUE
 
VC(N)=(POTENT(2)-POTENT(M))/(2.*DELTA)
 
VC(1)=VC(N)
 
CALL LINEAR (PHI,TRAILS,N,2,VC,VTRAILS)
 
DO 31 I=1,NN
 
CALL LINEAR (PHI,PSI(I),N,2,VC,VCNNI(I))
 
31 CONTINUE
 
C
 
C  CALCULATING THE STRENGTH
 
C
 
Al=PSI(ITRAIL1)
 
A2=PSI(ITRAIL2)
 
IF (A1.LT.PI) A1=Al+PI2
 
IF (A2.LT.PI) A2=A2+PI2
 
A3=ABS(Al-A2)
 
IF (TRAILS.EQ.PI2) THEN
 
IS1=2
 
IS2=M
 
ELSE
 
C
 
C  LOCATING THE NODES ADJACENT TO THE TRAILING EDGE ON
 
C  THE CIRCLE
 
C
 
DO 193 I=1,M
 
IF (PHI(I).EQ.TRAILS) THEN
 
IS1=I-1
 
IS2=I+1
 
GO TO 194
 
ELSE IF (PHI(I).LT.TRAILS.AND.PHI(I+1).GT.TRAILS) THEN
 
IS1=I
 
IS2=I+1
 
GO TO 194
 
END IF
 
193 CONTINUE
 
END IF
 
194 AC1=PHI(IS1)
 
AC2=PHI(IS2)
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IF (AC1.LT.PI) AC1=AC1+PI2
 
IF (AC2.LT.PI) AC2=AC2+PI2
 
AC3=ABS(AC1-AC2)
 
IF (OMEGA.EQ.O.) THEN
 
STRENGT=2.*RNORMAL*W*SIN(TRAILS-ATTACK)
 
ELSE IF (A3.LE.AC3) THEN
 
STRENGT=-(FACTOR(ITRAIL1)*VCNNI(ITRAIL1)+FACTOR(ITRAIL2)*
 
+VCNNI(ITRAIL2)-VTAF(ITRAIL1)-VTAF(ITRAIL2))/(FACTOR
 
+(ITRAIL1)+FACTOR(ITRAIL2))
 
ELSE
 
XT1=REAL(ZETAC(IS1))
 
YT1=AIMAG(ZETAC(IS1))
 
XT2=REAL(ZETAC(IS2))
 
YT2=AIMAG(ZETAC(IS2))
 
XT=1.+OFF-REAL(C)
 
IF (XT1.GT.XT2) THEN
 
AT1=PHI(IS1)
 
UT1=VC(IS1)
 
AT2=(TRAILS-PHI(IS2))*(XT1-XT2)/(XT-XT2)+PHI(IS2)
 
UT2=(VTRAILS-VC(IS2))*(XT1-XT2)/(XT-XT2)+VC(IS2)
 
YT2=YT2*(XT-XT1)/(XT-XT2)
 
CALL TVAF (XT1,YT2,ANGL(ITRAIL2),TVAF2)
 
CALL TVAF(XT1,YT1,ANGL(ITRAIL1),TVAF1)
 
ELSE IF (XT1.LT.XT2) THEN
 
AT2=PHI(IS2)
 
UT2=VC(IS2)
 
AT1=(TRAILS-PHI(IS1))*(XT2-XT1)/(XT-XT1)+PHI(IS1)
 
UT1=(VTRAILS-VC(IS1))*(XT2-XT1)/(XT-XT1)+VC(IS1)
 
YT1=YT1*(XT-XT2)/(XT-XT1)
 
CALL TVAF (XT2,YT1,ANGL(ITRAIL1),TVAF1)
 
CALL TVAF (XT2,YT2,ANGL(ITRAIL2),TVAF2)
 
ELSE IF (XT1.EQ.XT2) THEN
 
AT1=PHI(IS1)
 
UT1=VC(IS1)
 
AT2=PHI(IS2)
 
UT2=VC(IS2)
 
CALL TVAF (XT1,YT1,ANGL(ITRAIL1),TVAF1)
 
CALL TVAF (XT2,YT2,ANGL(ITRAIL2),TVAF2)
 
END IF
 
CALL MAGN (N,RNORMAL,AT1,AMAG1)
 
CALL MAGN (N,RNORMAL,AT2,AMAG2)
 
STRENGT=-(AMAG1*UT1+AMAG2*UT2-TVAF1-TVAF2)/(AMAG1+AMAG2)
 
END IF
 
C
 
C  TANGENT VELOCITY OF THE FLUID OVER THE AIRFOIL
 
C
 
DO 32 I=1,NN
 
IF (I.GT.ITRAIL1.AND.I.LT.ITRAIL2.0R.
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+I.LT.ITRAIL1.AND.I.GT.ITRAIL2) THEN
 
VTNNI(I)=VTAF(I)
 
ELSE
 
VTNNI(I)=FACTOR(I)*(VCNNI(I)+STRENGT)
 
END IF
 
32 CONTINUE
 
C
 
C  CALCULATION OF CIRCULATION, AND PRESSURE COEFFICIENTS
 
C  (CHORD=1.)
 
C
 
CIRC=PI2*STRENGT/(1.*WREF)
 
DO 159 I=1,NN
 
RELV(I)=VTNNI(I)-VTAF(I)
 
CSUBP(I)=-(RELV(I)/WREF)**2+(VAF(I)/WREF)**2
 
159 CONTINUE
 
C
 
C  COEFFICIENTS OF LIFT AND THRUST
 
C
 
ALIFT =O.
 
THRUST=0.
 
DO 158 I=1,NN
 
IP=I+1
 
IF (I.EQ.NN) IP=1
 
PAVE=(CSUBP(I)+CSUBP(IP))/2.
 
DELX=X(IP)-X(I)
 
DELY=Y(IP)-Y(I)
 
THRUST=THRUST+PAVE*DELY
 
ALIFT=ALIFT-PAVE*DELX
 
158 CONTINUE
 
C
 
C  COEFFICIENTS OF LIFT AND THRUST OPPOSITE
 
C  THE DIRECTION OF THE FREE STREAM
 
C
 
CSUBT=-THRUST*COS(ATTACK)-ALIFT*SIN(ATTACK)
 
IF (OMEGA.EQ.O.) THEN
 
CSUBL=-2.*CIRC
 
ELSE
 
CSUBL=-THRUST*SIN(ATTACK)+ALIFT*COS(ATTACK)
 
END IF
 
RETURN
 
END
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C 
C 
C 
C 
C 
SUBROUTINE INTEG (N,K,UO,ENT) 
PARAMETER (NP=100) 
COMMON/X/XINT1(NP,NP),DELTA 
COMMON/P/PIL,PI,PIH,PI2 
DIMENSION UO(NP) 
SUM =O. 
NPHI=K 
NPHIM=K-1 
IF (K.EQ.N) THEN 
NPHIP=2 
ELSE 
NPHIP=K+1 
END IF 
C 
C  NUMERICAL INTEGRATION 
C 
DO 37 K1=2,N 
K2=K1-1 
IF (K1.EQ.NPHI.OR.K1.EQ.NPHIP) GO TO 37 
SUM=SUM+(UO(K1)+UO(K2))*XINT1(K,K1) 
37 CONTINUE 
C 
C  ESTIMATE DERIVATIVE FOR USE IN CALCULATING PRINCIPLE 
C  VALUE OF INTEGRAL 
C 
DUDP=(UO(NPHIP)-UO(NPHIM))/DELTA 
ENT=-(SUM+2.*DELTA*DUDP)/PI2 
RETURN 
END 92 
C 
C 
C 
C 
C 
SUBROUTINE MAGN (N,RNORMAL,AT,AMAG) 
PARAMETER (NP=100) 
COMMON/D2/ZETA1,OFF,ANGL1 
COMMON/D3/BETA,SHIFT 
COMMON/H/ PHI(NP),ZPRIMC1 
COMMON/O/FACTORC,RPC1,GAMA 
COMMON/P/PIL,PI,PIH,PI2 
COMPLEX ZP,ZETA1,CMAG1,X1,X2,SHIFT,ZPRIMC1(NP) 
DIMENSION FACTORC(NP),GAMA(NP),RPC1(NP) 
CALL LINEAR (PHI,AT,N,3,GAMA,ATZP) 
IF (ATZP.LT.O.) ATZP=ATZP+PI2 
CALL LINEAR (PHI,AT,N,2,FACTORC,AMAG2) 
CALL LINEAR (PHI,AT,N,2,RPC1,RPC) 
ZP=RPC*CMPLX(COS(ATZP),SIN(ATZP))+SHIFT 
X1=1.-BETA*ZETA1/ZP 
X2=(X1**(1./BETA-1.))/(1.-X1**(1./BETA))**2 
CMAG1=X2*((ZETA1/ZP)**2) 
AMAG1=ABS(CMAG1) 
AMAG=AMAG2/(AMAG1*RNORMAL) 
RETURN 
END 93 
C 
C 
C 
C 
C 
SUBROUTINE NORMV 
PARAMETER (NNI=100) 
COMMON/A/ NN 
COMMON/D2/ ZETA1,OFF,ANGL1 
COMMON/F/ ATTACK,OMEGA,W,ATACK,CR,CI,WREF 
COMMON/G/ NODE,C,CHORD,ITRAIL1,ITRAIL2,TAU1,TAU2,NODE1 
COMMON/P/PIL,PI,PIH,PI2 
COMMON/S/ VNNNI(NNI),VAF(NNI),VTAF(NNI),ANGL(NNI) 
+,X(O:NNI),Y(O:NNI) 
COMMON /SL/ SLOPE(NNI) 
COMMON /YN/ AA,REM 
COMPLEX C,NODE (NNI),ZETA1,NODE1 
CHARACTER AA*1,REM*66 
DO 10 I=1,NN 
X(I)=REAL (NODE(I)) 
Y(I)=AIMAG (NODE(I)) 
10 CONTINUE 
X(0)=X(NN) 
Y(0) =Y(NN) 
X(NN+1)=X(1) 
Y(NN+1)=Y(1) 
IF (AA.EQ.'Y') THEN 
DO 20 I=1,NN 
IP=I+1 
IM=I-1 
C 
C  CALCULATION OF THE ANGLE BETWEEN THE POSITIVE KSI 
C  AXIS AND THE NORMAL VECTOR TO THE AIRFOIL SURFACE 
C 
IF (X(I).EQ.100..AND.Y(I).EQ.0.) THEN 
C 
C  USING THE BISECTOR AT THE TRAILING EDGE 
C 
IF (TAU1.GT.TAU2) THEN 
ANGL(I)=PI2-TAU1+TAU/2. 
ELSE IF (TAU2.GT.TAU1) THEN 
ANGL(I)=TAU2-TAU/2. 
ELSE 
ANGL(I)=0. 
END IF 
ELSE IF (I.EQ.ITRAIL1.OR.I.EQ.ITRAIL2) THEN 
IF (I.EQ.ITRAIL1) ANGL(I)=PIL-TAU1 
IF (I.M.ITRAIL2) ANGL(I)=PIH+TAU2 94 
ELSE IF (X(I).EQ.O..AND.Y(I).EQ.O.) THEN 
ANGL(I)=PI+ANGL1 
ELSE 
SLOPE(I)=Y(IM)*(X(I)-X(IP))/((X(IM)-X(I))*(X(IM)-X(IP))) 
++Y(I)*(2.*X(I)-X(IM)-X(IP))/((X(I)-X(IM))*(X(I) 
+-X(IP)))+Y(IP)*(X(I)-X(IM))/((X(IP)-X(IM))*(X(IP)-X(I))) 
SLOPEN=-1./SLOPE(I) 
ANGL(I)=ATAN(SLOPEN) 
IF (Y(I).GE.0..AND.ANGL(I).LE.0..OR.Y(I).LT.0..AND.ANGL(I) 
+.GT.0.) ANGL(I)=ANGL(I)+PI 
IF (ANGL(I).LT.0.) ANGL(I)=ANGL(I)+PI2 
END IF 
20 CONTINUE 
ELSE IF (AA.EQ.'N') THEN 
DO 40 I=1,NN 
C 
C  CORRECTION OF THE LEADING EDGE ANGLE 
C 
IF (I.EQ.1) THEN 
ANGL(I)=PI+ANGL1 
ELSE IF (SLOPE(I).EQ.0..AND.Y(I).GT.0.) THEN 
ANGL(I)=PIL 
ELSE IF (SLOPE(I).EQ.0..AND.Y(I).LT.O.) THEN 
ANGL(I)=PIH 
C 
C  CORRECTION OF THE TRAILING EDGE ANGLE 
C 
ELSE IF (X(I).EQ.100..AND.Y(I).EQ.0.) THEN 
C 
C  USING THE BISECTOR AT THE TRAILING EDGE 
C 
IF (TAU1.GT.TAU2) THEN 
ANGL(I)=PI2-TAU1+TAU/2. 
ELSE IF (TAU2.GT.TAU1) THEN 
ANGL(I)=TAU2-TAU/2. 
ELSE 
ANGL(I)=0. 
END IF 
ELSE 
SLOPEN=-1./SLOPE(I) 
ANGL(I)=ATAN(SLOPEN) 
IF (Y(I).GE.0.. AND. ANGL( I). LE.O..OR.Y(I).LT.O..AND.ANGL(I) 
+.GT.0.) ANGL(I)=ANGL(I)+PI 
IF (ANGL(I).LT.O.) ANGL(I)=ANGL(I)+PI2 
END IF 
40 CONTINUE 
END IF 
DO 30 I=1,NN 95 
X(I)=(X(I)-CR)/100. 
Y(I)=(Y(I)-CI)/100. 
C 
C  NORMAL VELOCITY OF THE AIRFOIL AND THE FLUID 
C 
VNNNI(I)=-001*COS(ATTACK)+Y(I)*OMEGA)*COS(ANGL(I))+ 
+(-W*SIN(ATTACK)+X(I)*OMEGA)*SIN(ANGL(I)) 
C 
C  TANGENT VELOCITY OF THE AIRFOIL 
C 
CALL TVAF (X(I),Y(I),ANGL(I),VTAF(I)) 
C 
C  ABSOLOUTE VELOCITY OF THE AIRFOIL 
C 
VAF(I)=SQRT(VNNNI(I)**2+VTAF(I)**2) 
30 CONTINUE 
RETURN 
END 96 
C 
C 
C 
C 
C 
SUBROUTINE TVAF (X,Y,ANGL2,UTT) 
COMMON/F/ ATTACK,OMEGA,W,ATACK,CR,CI,WREF 
UTT =(W *COS (ATTACK) +Y *OMEGA) *SIN(ANGL2)+ 
+(-W*SIN(ATTACK)+X*OMEGA)*COS(ANGL2) 
RETURN 
END 97 
C 
C 
C 
C 
C 
SUBROUTINE FNODES 
PARAMETER (NNI=100) 
COMPLEX ZETA(NNI) 
COMMON /A/ NN 
COMMON /D1/ ZETA,TAU 
COMMON /SL/ SLOPE(NNI) 
DIMENSION X1(NNI) 
DATA X1 /0.,.001,.002,.003,.004,.005,.006,.007,.008,.009, 
+O./ 
C 
C  NN1 IS THE NUMBER OF THE POINTS IN THE ABOVE DATA 
C  STATEMENT 
C 
NN1=4l 
NN2=NN1+1 
NN=2*NN1-1 
DO 5 I=1,NN1-1 
X1(NN1+I)=X1(NN2-I) 
5 CONTINUE 
DO 10 I=1,NN1 
X=X1(I) 
C 
C  UPPER SURFACE OF NACA 0015 
C 
Y=.75*(.2969*SQRT(X)-.126*X-.3516*(X**2)+.2843*(X**3) 
+-.1015*(X**4)) 
IF (X.EQ.O.) THEN 
C 
C  THE FOLLOWING COMMAND WILL PREVENT THE PROGRAM 
C  FROM FAILING AT THE LEADING EDGE FOR SYMMETRICAL 
C  AIRFOILS.  THE PROGRAM WILL BE CORRECTED FOR 
C  ACURATE VALUES AT THE LEADING EDGE IN SUBROUTINE 
C  "NORMV". 
C 
SLOPE(I)=1.E30 
C 
C  TRAILING EDGE 
C 
ELSE IF (X.EQ.1..AND.Y.EQ.O.) THEN 
SLOPE(I)=1.E30 
ELSE 98 
C 
C  SLOPE OF NACA 0015 (UPPER SURFACE) 
C 
SLOPE(I)=.75*(.14845/SQRT(X)-.126-.7032*X+.8529*(X**2) 
+-.406*(X**3)) 
END IF 
ZETA(I)=100.*CMPLX(X,Y) 
10 CONTINUE 
L=0 
NN3=NN 
DO 20 I=NN2,NN3 
X=X1(I) 
M=I+L 
C 
C  LOWER SURFACE OF NACA 0015 
C 
Y=-.75*(.2969*SQRT(X)-.126*X-.3516*(X**2)+.2843*(X**3) 
+-.1015*(X**4)) 
IF (I.EQ.NN2.AND.Y.EQ.0.) THEN 
L=-1 
NN=NN-1 
GO TO 20 
END IF 
C 
C  SLOPE OF NACA 0015 (LOWER SURFACE) 
C 
SLOPE(M)=-.75*(.14845/SQRT(X)-.126-.7032*X+.8529*(X**2) 
+-.406*(X**3)) 
ZETA(M)=100.*CMPLX(X,Y) 
20 CONTINUE 
RETURN 
END 99 
SAMPLE OUTPUT FOR NACA 0015
 
INPUTS
 
NUMBER OF THE POINTS AROUND THE CIRCLE:  91
 
CONVERGENCE CRITERION: .000100
 
FREE STREAM VELOCITY FLAG:  1.000000
 
REFERENCE VELOCITY:  1.000000
 
NON-DIMENSIONAL ANGULAR VELOCITY:  .070000
 
ANGLE OF ATTACK:  6.00 DEGREES
 
CENTER OF ROTATION IN PERCENT CHORD:  ( 38.0000,  0.0000)
 
THE POINT HALF WAY BETWEEN THE LEADING EDGE AND
 
ITS CENTER OF CURVATURE IN PERCENT:  (  1.2400,  0.0000)
 
GEOMETRY AND TRANSFORMATION
 
CONVERGENCE OCCURED AFTER  3 ITERATION(S).
 
VALUE USED IN NORMALIZING THE RADIUS OF PSEUDO CIRCLE: .2839
 
ANGLE OF ZERO LIFT FOR STREAMING MOTION: 6.2832 RADIANS
 
AIRFIOL IN
 
PERCENT CHORD  PSEUDO-CIRCLE  UNIT CIRCLE  MAGNIFICATION
 
X  Y  RADIUS  ANGLE  ANGLE  ABS VALUE
 
0.000  0.000  .292  3.142  3.142  9.924 
.100  .695  .292  3.078  3.073  9.582 
.200  .977  .292  3.052  3.044  9.269 
.300  1.191  .292  3.032  3.023  8.990 
.400  1.370  .291  3.015  3.004  8.738 
.500  1.527  .291  3.001  2.988  8.496 
.600  1.667  .291  2.987  2.974  8.273 
.700  1.796  .291  2.975  2.961  8.066 
.800  1.914  .291  2.963  2.948  7.874 
.900  2.025  .291  2.952  2.937  7.695 
1.000  2.130  .290  2.942  2.926  7.526 
1.500  2.580  .290  2.897  2.877  6.813 
2.000  2.950  .289  2.858  2.837  6.268 
2.500  3.268  .288  2.823  2.801  5.833 
3.000  3.550  .288  2.792  2.769  5.479 
3.500  3.804  .287  2.763  2.739  5.183 100 
4.000  4.035  .287  2.735  2.711  4.932 
4.500  4.247  .286  2.709  2.685  4.718 
5.000  4.443  .286  2.685  2.660  4.530 
10.000  5.853  .282  2.481  2.457  3.425 
15.000  6.681  .280  2.319  2.298  2.903 
20.000  7.172  .279  2.177  2.160  2.592 
25.000  7.427  .278  2.048  2.036  2.386 
30.000  7.502  .277  1.927  1.921  2.242 
35.000  7.436  .277  1.813  1.811  2.140 
40.000  7.254  .277  1.703  1.706  2.069 
45.000  6.976  .277  1.595  1.604  2.022 
50.000  6.618  .278  1.490  1.503  1.997 
55.000  6.191  .278  1.386  1.403  1.991 
60.000  5.704  .279  1.282  1.303  2.007 
65.000  5.166  .280  1.178  1.201  2.045 
70.000  4.580  .282  1.071  1.096  2.110 
75.000  3.950  .283  .961  .988  2.211 
80.000  3.279  .284  .845  .873  2.365 
85.000  2.566  .286  .721  .748  2.606 
90.000  1.810  .288  .582  .606  3.023 
92.000  1.495  .289  .520  .543  3.288 
94.000  1.172  .290  .452  .472  3.665 
96.000  .842  .290  .375  .393  4.256 
98.000  .504  .291  .283  .296  5.385 
100.000  .158  .292  .152  .159  9.197 
100.000  -.158  .292  6.131  6.124  9.197 
98.000  -.504  .291  6.000  5.987  5.385 
96.000  -.842  .290  5.908  5.891  4.256 
94.000  -1.172  .290  5.831  5.811  3.665 
92.000  -1.495  .289  5.763  5.741  3.288 
90.000  -1.810  .288  5.701  5.677  3.023 
85.000  -2.566  .286  5.562  5.536  2.606 
80.000  -3.279  .284  5.438  5.411  2.365 
75.000  -3.950  .283  5.322  5.295  2.211 
70.000  -4.580  .282  5.212  5.187  2.110 
65.000  -5.166  .280  5.106  5.082  2.045 
60.000  -5.704  .279  5.001  4.980  2.007 
55.000  -6.191  .278  4.897  4.880  1.991 
50.000  -6.618  .278  4.793  4.780  1.997 
45.000  -6.976  .277  4.688  4.679  2.022 
40.000  -7.254  .277  4.581  4.577  2.069 
35.000  -7.436  .277  4.471  4.472  2.140 
30.000  -7.502  .277  4.356  4.363  2.242 
25.000  -7.427  .278  4.236  4.247  2.386 
20.000  -7.172  .279  4.107  4.123  2.592 
15.000  -6.681  .280  3.965  3.985  2.903 
10.000  -5.853  .282  3.802  3.826  3.425 
5.000  -4.443  .286  3.598  3.623  4.530 101 
4.500  -4.247  .286  3.574  3.598  4.718 
4.000  -4.035  .287  3.548  3.572  4.932 
3.500  -3.804  .287  3.521  3.544  5.183 
3.000  -3.550  .288  3.491  3.515  5.479 
2.500  -3.268  .288  3.460  3.482  5.833 
2.000  -2.950  .289  3.425  3.446  6.268 
1.500  -2.580  .290  3.387  3.406  6.813 
1.000  -2.130  .290  3.341  3.358  7.526 
.900  -2.025  .291  3.331  3.347  7.695 
.800  -1.914  .291  3.320  3.335  7.874 
.700  -1.796  .291  3.308  3.323  8.066 
.600  -1.667  .291  3.296  3.309  8.273 
.500  -1.527  .291  3.283  3.295  8.496 
.400  -1.370  .291  3.268  3.279  8.738 
.300  -1.191  .292  3.251  3.261  8.990 
.200  -.977  .292  3.231  3.239  9.269 
.100  -.695  .292  3.205  3.211  9.582 
UNIT CIRCLE  ====>  UNIT CHORD AIRFOIL
 
TANGENT VELOCITY SIGN CONVENTION:
 
CLOCKWISE  ­
COUNTER CLOCKWISE
 
BEFORE APPLYING CIRCULATION 
UNIT CIRCLE  AIRFOIL 
FLUID VELOCITY 
ANGLE  X  Y  POTENTIAL  OVER UNIT CIRCLE 
0.000  1.00909  .00000  .0427  .043912 
.070  1.00715  .00029  .0462  .054094 
.140  1.00197  .00121  .0502  .058986 
.209  .99388  .00262  .0544  .060030 
.279  .98305  .00450  .0586  .059218 
.349  .96963  .00678  .0627  .057059 
.419  .95376  .00945  .0666  .053818 
.489  .93556  .01244  .0702  .049676 
.559  .91517  .01571  .0735  .044864 
.628  .89273  .01921  .0765  .039513 
.698  .86835  .02291  .0790  .033530 
.768  .84221  .02679  .0812  .026925 
.838  .81445  .03077  .0828  .019941 
.908  .78522  .03483  .0840  .012644 102 
.977  .75467  .03890  .0846  .004977 
1.047  .72299  .04298  .0846  -.003041 
1.117  .69033  .04698  .0841  -.011205 
1.187  .65686  .05089  .0831  -.019617 
1.257  .62277  .05469  .0814  -.028317 
1.326  .58824  .05827  .0791  -.036845 
1.396  .55341  .06160  .0763  -.045386 
1.466  .51848  .06472  .0728  -.054174 
1.536  .48365  .06747  .0687  -.062447 
1.606  .44902  .06983  .0641  -.070266 
1.676  .41479  .07185  .0589  -.078189 
1.745  .38114  .07340  .0532  -.085345 
1.815  .34817  .07441  .0470  -.091626 
1.885  .31604  .07500  .0404  -.097670 
1.955  .28491  .07500  .0333  -.102734 
2.025  .25486  .07443  .0260  -.106819 
2.094  .22604  .07335  .0184  -.110124 
2.164  .19855  .07162  .0106  -.112414 
2.234  .17249  .06942  .0027  -.113822 
2.304  .14798  .06656  -.0053  -.114260 
2.374  .12508  .06327  -.0132  -.113764 
2.443  .10391  .05936  -.0211  -.112264 
2.513  .08450  .05506  -.0289  -.110216 
2.583  .06701  .05026  -.0365  -.107186 
2.653  .05144  .04498  -.0439  -.102747 
2.723  .03782  .03937  -.0509  -.097800 
2.793  .02625  .03342  -.0575  -.092388 
2.862  .01676  .02717  -.0638  -.086206 
2.932  .00939  .02066  -.0696  -.079247 
3.002  .00414  .01393  -.0748  -.071389 
3.072  .00102  .00702  -.0795  -.062520 
3.142  .00000  -.00000  -.0836  -.052880 
3.211  .00102  -.00702  -.0869  -.043028 
3.281  .00414  -.01393  -.0896  -.033427 
3.351  .00939  -.02066  -.0916  -.024194 
3.421  .01676  -.02717  -.0930  -.015202 
3.491  .02625  -.03342  -.0937  -.006336 
3.560  .03782  -.03937  -.0938  .002416 
3.630  .05144  -.04498  -.0934  .011287 
3.700  .06701  -.05026  -.0923  .020090 
3.770  .08450  -.05506  -.0906  .027984 
3.840  .10391  -.05936  -.0884  .035445 
3.910  .12508  -.06327  -.0856  .042773 
3.979  .14798  -.06656  -.0824  .049453 
4.049  .17249  -.06942  -.0787  .055528 
4.119  .19855  -.07162  -.0746  .060916 
4.189  .22604  -.07335  -.0702  .065645 
4.259  .25486  -.07443  -.0655  .069542 103 
4.328  .28491  -.07500  -.0605  .072784 
4.398  .31604  -.07500  -.0553  .075112 
4.468  .34817  -.07441  -.0500  .076532 
4.538  .38114  -.07340  -.0446  .077681 
4.608  .41479  -.07185  -.0392  .077836 
4.677  .44902  -.06983  -.0337  .077145 
4.747  .48365  -.06747  -.0284  .076382 
4.817  .51848  -.06472  -.0231  .074886 
4.887  .55341  -.06160  -.0179  .072633 
4.957  .58824  -.05827  -.0129  .070339 
5.027  .62277  -.05469  -.0081  .067679 
5.096  .65686  -.05089  -.0035  .064483 
5.166  .69033  -.04698  .0009  .061204 
5.236  .72299  -.04298  .0051  .057762 
5.306  .75467  -.03890  .0090  .054061 
5.376  .78522  -.03483  .0126  .050321 
5.445  .81445  -.03077  .0160  .046558 
5.515  .84221  -.02679  .0191  .042737 
5.585  .86835  -.02291  .0220  .038960 
5.655  .89273  -.01921  .0245  .035490 
5.725  .91517  -.01571  .0269  .032349 
5.794  .93556  -.01244  .0291  .029478 
5.864  .95376  -.00945  .0310  .027057 
5.934  .96963  -.00678  .0328  .025351 
6.004  .98305  -.00450  .0346  .024568 
6.074  .99388  -.00262  .0363  .025007 
6.144  1.00197  -.00121  .0381  .027224 
6.213  1.00715  -.00029  .0401  .033209 
FINAL RESULTS
 
CIRCULATION AND
 
TANGENT VELOCITY SIGN CONVENTION:
 
CLOCKWISE  ­
COUNTER CLOCKWISE
 
NORMAL VELOCITY SIGN CONVENTION:
 
INWARD TO FOIL  ­
OUTWARD FROM FOIL
 
THRUST SIGN CONVENTION:
 
OPPOS. FREE STREAM  +
 
LIFT SIGN CONVENTION:
 104 
90 DEGREES C.W. 
FROM POS. THRUST 
NON-DIMENSIONAL CIRCULATION:  -.2762 
COEFFICIENT OF THRUST:  .0056 
COEFFICIENT OF LIFT:  .5586 
AIRFOIL IN 
PERCENT CHORD 
X  Y 
AIRFOIL 
VELOCITY 
ABS VALUE 
ABS. FLUID 
VELOCITY 
NORMAL  TANGENT 
FLUID 
VELOCITY 
RELATIVE 
PRESSURE 
COEF 
0.000  0.000  1.0031  .9945  -.9610  -1.09217  -.187 
.100  .695  1.0036  .9184  -1.0193  -1.42397  -1.020 
.200  .977  1.0038  .8678  -1.0194  -1.52380  -1.314 
.300  1.191  1.0039  .8243  -1.0134  -1.58641  -1.509 
.400  1.370  1.0040  .7858  -1.0053  -1.63023  -1.650 
.500  1.527  1.0041  .7512  -.9930  -1.65940  -1.745 
.600  1.667  1.0042  .7197  -.9804  -1.68069  -1.816 
.700  1.796  1.0043  .6910  -.9680  -1.69679  -1.870 
.800  1.914  1.0044  .6645  -.9559  -1.70905  -1.912 
.900  2.025  1.0045  .6401  -.9443  -1.71840  -1.944 
1.000  2.130  1.0045  .6175  -.9323  -1.72460  -1.965 
1.500  2.580  1.0048  .5244  -.8766  -1.73371  -1.996 
2.000  2.950  1.0050  .4546  -.8300  -1.72632  -1.970 
2.500  3.268  1.0052  .3998  -.7910  -1.71321  -1.925 
3.000  3.550  1.0053  .3551  -.7573  -1.69780  -1.872 
3.500  3.804  1.0055  .3178  -.7283  -1.68225  -1.819 
4.000  4.035  1.0056  .2859  -.7033  -1.66741  -1.769 
4.500  4.247  1.0057  .2582  -.6815  -1.65348  -1.723 
5.000  4.443  1.0058  .2339  -.6623  -1.64049  -1.680 
10.000  5.853  1.0063  .0846  -.5338  -1.53652  -1.348 
15.000  6.681  1.0065  .0064  -.4592  -1.46565  -1.135 
20.000  7.172  1.0064  -.0449  -.4050  -1.41036  -.976 
25.000  7.427  1.0062  -.0820  -.3611  -1.36386  -.848 
30.000  7.502  1.0058  -.1102  -.3234  -1.32317  -.739 
35.000  7.436  1.0054  -.1322  -.2893  -1.28602  -.643 
40.000  7.254  1.0049  -.1495  -.2592  -1.25294  -.560 
45.000  6.976  1.0044  -.1633  -.2305  -1.22145  -.483 
50.000  6.618  1.0038  -.1744  -.2048  -1.19325  -.416 
55.000  6.191  1.0031  -.1834  -.1796  -1.16587  -.353 
60.000  5.704  1.0025  -.1907  -.1564  -1.14055  -.296 
65.000  5.166  1.0018  -.1967  -.1336  -1.11589  -.242 
70.000  4.580  1.0011  -.2020  -.1113  -1.09185  -.190 
75.000  3.950  1.0004  -.2067  -.0888  -1.06765  -.139 
80.000  3.279  .9996  -.2111  -.0654  -1.04253  -.088 
85.000  2.566  .9989  -.2156  -.0394  -1.01472  -.032 
90.000  1.810  .9981  -.2205  -.0084  -.98182  .032 105 
92.000  1.495  .9978  -.2225  .0066  -.96610  .062 
94.000  1.172  .9975  -.2247  .0245  -.94736  .097 
96.000  .842  .9972  -.2270  .0471  -.92384  .141 
98.000  .504  .9968  -.2294  .0793  -.89076  .200 
100.000  .158  .9965  -.2320  .1408  -.82827  .307 
100.000  -.158  .9963  -.1116  -.1596  .83039  .303 
98.000  -.504  .9961  -.1061  -.1034  .88706  .205 
96.000  -.842  .9960  -.1007  -.0747  .91620  .153 
94.000  -1.172  .9958  -.0955  -.0552  .93610  .115 
92.000  -1.495  .9957  -.0904  -.0403  .95126  .087 
90.000  -1.810  .9956  -.0854  -.0286  .96332  .063 
85.000  -2.566  .9953  -.0734  -.0061  .98653  .017 
80.000  -3.279  .9951  -.0617  .0106  1.00374  -.017 
75.000  -3.950  .9949  -.0500  .0236  1.01716  -.045 
70.000  -4.580  .9947  -.0381  .0342  1.02822  -.068 
65.000  -5.166  .9946  -.0258  .0433  1.03754  -.087 
60.000  -5.704  .9945  -.0125  .0511  1.04557  -.104 
55.000  -6.191  .9945  .0019  .0575  1.05204  -.118 
50.000  -6.618  .9945  .0180  .0633  1.05773  -.130 
45.000  -6.976  .9946  .0361  .0670  1.06102  -.136 
40.000  -7.254  .9948  .0570  .0699  1.06312  -.141 
35.000  -7.436  .9950  .0813  .0698  1.06154  -.137 
30.000  -7.502  .9954  .1100  .0672  1.05646  -.125 
25.000  -7.427  .9958  .1448  .0595  1.04474  -.100 
20.000  -7.172  .9964  .1880  .0446  1.02311  -.054 
15.000  -6.681  .9972  .2446  .0174  .98414  .026 
10.000  -5.853  .9982  .3259  -.0342  .90933  .169 
5.000  -4.443  .9996  .4704  -.1520  .72997  .466 
4.500  -4.247  .9998  .4930  -.1732  .69653  .514 
4.000  -4.035  1.0000  .5184  -.1975  .65763  .567 
3.500  -3.804  1.0002  .5472  -.2257  .61147  .626 
3.000  -3.550  1.0004  .5805  -.2592  .55558  .692 
2.500  -3.268  1.0006  .6196  -.2996  .48608  .765 
2.000  -2.950  1.0009  .6666  -.3505  .39608  .845 
1.500  -2.580  1.0012  .7246  -.4163  .27461  .927 
1.000  -2.130  1.0016  .7985  -.5065  .09800  .994 
.900  -2.025  1.0016  .8159  -.5289  .05216  1.001 
.800  -1.914  1.0017  .8342  -.5534  .00117  1.003 
.700  -1.796  1.0018  .8536  -.5802  -.05581  1.001 
.600  -1.667  1.0019  .8742  -.6096  -.12013  .989 
.500  -1.527  1.0020  .8960  -.6423  -.19372  .967 
.400  -1.370  1.0021  .9190  -.6791  -.27941  .926 
.300  -1.191  1.0023  .9430  -.7213  -.38168  .859 
.200  -.977  1.0024  .9675  -.7712  -.50903  .746 
.100  -.695  1.0026  .9909  -.8346  -.68183  .540 